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Abstract

Background: Cerebrovascular accident is a major cause of disability. Stroke survivors suffer from 
various severity levels of movement impairment which would substantially affect their quality of life. 
Several methods have been investigated for improving movement in these patients. Most of the treatment 
approaches are geared toward inducing neuroplasticity in the brain. Here, we introduce a novel method to 
induce neuroplasticity in spinal cord to compensate the cerebral insult. 

Purpose: The aim of this study was to examine the ability of hemiplegic stroke patients to volitionally 
down-regulate the soleus H-refl ex and its functional consequence. A humancomputer interface was 
developed to monitor several neural and behavioral factors while subjects stood on a balance board. The 
interface would elicit an H-refl ex when the criteria were met and would provide feedback to the patients 
about the amplitude of the H-refl ex. Subjects were encouraged to down-regulate the amplitude of the 
refl ex. 

Results: The protocol was tested in 3 hemiplegic subjects. Subjects demonstrated the ability to 
down-regulate the H-refl ex. The rate of success in this down-regulation was on average %80.1±9.96. This 
success rate was in strong agreement with improvement in gait symmetry and gait velocity. 

Major fi ndings: This study demonstrated that stroke survivors have the ability to down-regulate 
their spinal refl exes and this down-regulation was correlated with movement improvement. Conclusion. 
The results suggest that stroke patients have the ability to down-regulate the Hrefl ex amid corticospinal 
damages. This was accompanied by improvement in motor function. 

Potential implications: The current study has provided proof of evidence to show that inducing 
plastic changes in the spinal cord can improve motor output in stroke survivors. This method could be 
another treatment approach for stroke impairment.
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Introduction 

A cerebrovascular accident (CVA) is a leading cause of death 
and disability worldwide [1]. In recent years, several modern 
rehabilitation methods have been introduced and successfully 
tested [2-7]. The signifi cance of these attempts is that they 

have utilized new technologies to bring basic concepts in 
neuroscience into clinical trials. This is especially critical for 
patients who are assumed to have been plateaued or do not 
show substantial improvement with other traditional therapy 
methods. 

In line with the recent endeavors in stroke rehabilitation, 
we designed a novel method with the purpose of inducing 
plastic changes in lower motoneurons to compensate the 
function of upper motoneurons. The potential of spinal circuits 
as a site for neurorehabilitation are largely ignored in stroke 
rehabilitation. Here we used a well-established notion from 
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basic neuroscience (operant conditioning of refl exes) for 
clinical neurorehabilitation. 

Operantly conditioning the stretch refl ex or its electrical 
analogue, the H-refl ex, can permanently down or up-regulate 
the amplitude of the refl ex [8-10]. It is shown that patients 
with partial spinal cord injury are able to condition their 
refl exes [11]. The functional implications of this plastic change 
have also been investigated [12]; operant conditioning of the 
H-refl ex improves the locomotion of rats with incomplete 
spinal cord injury [13]. This fi nding was also confi rmed in 
human patients as well [14]. 

Method 

Subjects 

Three ischemic stroke survivors (83±13.12 y/o and 5.17±5.92 
y/post stroke) participated in this study and completed the three 
week treatment protocol. Prior to participating in the study, all 
subjects provided written consent. This study was approved by 
the Institutional Review Board of Indiana University. 

The study consisted of testing sessions and treatment 
sessions. The testing sessions were conducted at the beginning 
of the study and at the termination of training. In these sessions, 
electrophysiological and functional tests were administered to 
investigate possible changes in response to the treatment. 

EMG and H-refl ex data acquisition 

For recording the electromyographic (EMG) activity of the 
soleus and tibialis anterior (TA) muscles, surface Ag-AgCl 
electrodes with the inter-disk interval of 20 mm were used. For 
soleus muscle recording, the electrode was placed on the lower 
portion of the muscle, closer to calcaneal tendon to avoid any 
cross talk from the gastrocnemii. Another recording electrode 
was placed over the motor point of the TA, in parallel to its 
muscle fi bers. A reference electrode was place on the lateral 
malleolus of the affected side. Therapeutic Unlimited system 
was used to record the EMG signals. 

The H-refl ex was elicited using an S8800 GRASS stimulator 
(Natus Neurology Incorporated, Warwick, USA). A disposal 
electrode was placed above the patella and a ball electrode with 
a diameter of 20 mm was placed on the posterior aspect of the 
knee joint to stimulate the posterior tibial nerve. 

The analog signals were digitized using a National 
Instruments AD board with the sampling rate of 4000 Hz. 
Customized programs were written in DASYLab environment 
(DASYTec USA a national Instrument Company, Norton, MA, 
USA) data capturing and online signal monitoring and analysis. 
Further data analyses were done in Matlab (MathWorks®, 
Natick, MA, USA) using custom-written codes. 

Neurophysiological and functional testing 

In the testing sessions the recruitment curve of the H-refl ex 
was fi rst obtained. By increasing the stimulation intensity, the 
peak to peak amplitude of the H-refl ex increases fi rst and then 
decreases due to the collision of nerve signals. However, the 

muscular response (The M-wave) increases as the intensity 
increases. From this curve, maximum H-refl ex (H-max) and 
maximum muscular response (M-max) was determined. 
An H-refl ex equal to about 30% of M-max was selected for 
operant conditioning. 

To assess their locomotion, subjects walked on a Gait 
Trainer 3TM treadmill at their preferred speed for four minutes. 
This treadmill measured the Mean Walking Speed, Mean 
Step Cycle Time, Mean Step Length (SL) and the Coeffi cient 
of Variance (CV; the amount of variation occurring between 
footfalls). 

A Gait Improvement Index (GII) was defi ned as follows: 
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     Eq.1

Where CVaff  and SLaff  are the CV and SL of the affected side, 
respectively and CVun and SLun are the CV and SL of the unaffected 
side, respectively. The difference between the pre and post GII 
was calculated and used as a Relative Gait Improvement Index 
(RGII). 

Human-computer interface 

An interface was developed in DASYLab environment to 
conduct the protocol. This interface consisted of three steps: step 
one, to measure the baseline H-refl ex value at the beginning of 
each treatment session. Step two, to measure the baseline EMG 
activity level. Step three, to perform the treatment protocol. A 
schematic diagram of the program is provided in fi gure 1. The 
subjects’ task was to balance the board without over-activating 
their soleus and TA muscle activity. At random intervals the 
posterior tibial nerve was stimulated to elicit and H-refl ex 
and subsequent postural perturbation. Using biofeedback the 
subjects’ task was to reduce the perturbation by decreasing the 
amplitude of the H-refl ex. 

Training setup

In treatment sessions, subjects stood on a custom-designed 
balance board with an adjustable base. Subjects were initially 
trained to stand on the balance board and keep it balanced. To 
avoid falling during the exercise, a Biodex body support system 
was used to harness the subjects. Surface electrodes were 
placed bilaterally on the soleus and TA muscles to monitor the 
EMG activity of these muscles and to record the refl ex response. 
An electrogoniometer was placed on the affected ankle joint to 
monitor the ankle joint angle.

The program would trigger the stimulator only when (a) the 
board was balanced, (b) the ankle joint was within 5 degrees 
from neutral in either direction, and (c) the EMG activity of 
the affected side was within 30% of the baseline values. The 
program also measured the amplitude of the H-refl ex and 
provided a visual representation as feedback to the subjects on 
each trial. Subjects were encouraged to decrease the amplitude 
of the refl ex. Whenever they were able to successfully down-
regulate the refl ex, the program would provide positive 
reinforcement. To avoid providing false positive feedback, the 
program would show them “success” whenever the H-refl ex 
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was depressed for more than 10% compared to the baseline 
value. 

A separate monitor was placed in front of the subjects 
to provide them with feedback about their muscle activity, 
balance board status and the amplitude of the H-refl ex after 
each trial. For each training session a Success Rate (SR) was 
calculated which is the percentage of successful trials over 
the total number of trials. SR was the ability of each subject to 
suppress this refl ex when training. 

Treatment schedule 

Subjects practiced this exercise for three sessions per week 
for three consecutive weeks. In each treatment session subjects 
exercised in three blocks. Each block consisted of 100 H-refl ex 
trials. 

Results 

In each session, subjects practiced in three consecutive 
blocks. As the sessions progressed, they were able to better 
control their refl ex amplitude. Figure 1 shows the three blocks 
of one of the fi nal sessions of subject DH. As can be seen, the 
amplitude of the refl ex was substantially depressed in all three 
blocks. However, as the blocks proceeded, successful down-
regulation of the refl ex occurred at earlier trials (as is indicated 
by arrows in fi g 1, which are shifted to the left). The consistency 
of the M-wave ensures that the modulation of the H-refl ex 
was not infl uenced by a biased input to the spinal circuits. 

The rate of success of the subjects was calculated for 
each session and for each week. The success rates of DH, JT 
and JC at their fi rst week of training were 49.00, 51.69 and 
57.40, respectively. These values were 86.67, 68.58 and 84.85, 
respectively for the last week of their training. The success rate 
for all sessions and all weeks are presented in fi gure 2. 

These results of gait evaluation are summarized in table 
1. To better clarify that these improvements were related to 
the refl ex conditioning, the Relative Success Rate (RSR) and 
Relative Gait Improvement Index (RGII) were calculated by 
subtracting SR and GII of the posttreatment from those of the 
pre-treatment, respectively. These are presented in fi gure 3. 
It can be seen that the improvement in function had a strong 
agreement with the success in downregulating the H-refl ex 
(fi lled symbols). This was also the case between walking 
velocity improvement and the success in down-regulation 
(open symbols in fi gure 4). 

Discussion 

We used a basic neuroscience concept to prescribe an 
exercise protocol with the aid of programming technology. 
The framework of this idea was to introduce a novel therapy to 
regain voluntary control of motoneurons after a stroke. 

The central goal of this study was to answer (1) whether 
patients with pyramidal tract disease possess the ability to 
down-regulate their refl exes and (2) whether inducing such 
a plasticity at the level of the fi nal common pathway can 
infl uence the motor behavior profi le of the subjects. Three 

Figure 1: A schematic diagram of the interface and the treatment setup (A) and a 
snapshot of the patients’ screen which provided feedback about their performance 
and the criterion values (B).
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Figure 2: An example of H-refl ex down-regulation in one treatment session. Each 
training session consisted of three blocks of 100 trails each. Circles show the 
peak to peak amplitude of the Hrefl ex, normalized to Mmax. Squares represent 
the corresponding M-waves at each trial. The Mwave values were kept constant 
throughout the trials and among the blocks. The line represents the baseline value 
of the H-refl ex just prior to beginning the training session. Note the depression of 
the majority of the H-refl exes in each block (shifting below the baseline) indicating 
the subject’s ability to learn to down-regulate the refl ex. Arrows show the trials 
from which a substantial down-regulation in the H-refl ex occurred. The leftward 
shift in the arrows depicts an earlier learning (compare 19 trials in block 1 to 3 
trials in block 3), as the blocks progress.

adults with ischemic cerebrovascular accident participated 
in the study. These patients were able to down-regulate the 
amplitude of their H-refl ex with the success rate improving 
throughout the course of the exercise. It is known that severing 
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the corticospinal tract in animal models prevents them from 
being able to down-regulate the stretch or the H-refl ex. In 
stroke patients, although the insult took place within the 
pyramidal system, these patients were shown to be able to 
modulate their refl exes. However, based on the results of this 

study, it cannot be inferred whether all types of stroke patients 
have this ability. The site and extent of the insult could be 
a determining factor for down-regulating the refl exes; an 
important question to be answered. 

In a stroke, the inhibitory control that the cortex exerts 
over the spinal cord is decreased which results in an imbalance 
between the descending and the sensory inputs to the alpha 
motoneurons. Due to the loss of several inhibitory mechanisms 
in the spinal cord, the patient is not able to appropriately 
activate the alpha motoneurons and therefore, cannot properly 
perform deliberate and intentional motor tasks. Inducing a 
positive plastic change in these pathways seems to be promising 
avenue for rehabilitation. Here, we showed that inducing this 
plastic change is possible in stroke survivors. More importantly, 
this plastic change was accompanied by improvement in motor 
performance as was observed in their walking speed and RGII. 
Patients reported “feeling better in daily activities” after the 
second week of training. This observation is crucially important 
and impactful for researchers who work on rehabilitation 
methods for stroke survivors. 

The duration of treatment in our protocol falls within the 
fi rst phase of plastic changes associated with refl ex down-
regulation [15,16]. During this phase, plastic changes are 
reversible and do not cause a long lasting depression in the 
amplitude of the refl ex. Nonetheless, functional improvements 
were observed in this fi rst phase. Further studies with larger 
sample sizes and longer durations are warranted to investigate 
the possibility of permanent changes in the refl ex pathways 
and their functional consequences. 

This study did not directly investigate the mechanisms 
involved in the improvement of function. We only have some 
preliminary data for this part to propose a possible mechanism. 
Sensory infl ow can also be regulated through the complicated 
mechanism of presynaptic inhibition of Ia afferents which 
acts to regulate the amount of neurotransmitter release [17]. 
It is also known that presynaptic inhibition has a critical role 
in motor control [18-20]. Surprisingly, it has been repeatedly 
demonstrated that this mechanism is not substantially affected 
in stroke patents [20-25]. Therefore, an increase in presynaptic 
control of Ia afferent could prevent the interruption of cortical 
drive and hence encourage volitional motor commands. 

Conclusion 

We combined computer technology and basic neuroscience 
knowledge to provide a novel treatment method for clinical 
rehabilitation of stroke survivors. Our data strongly suggest 
the ability of these patients to down-regulate the amplitude 
of the H-refl ex and induce a plastic change at the level of 
alpha motoneurons. This was accompanied by improvement in 
gait. This method, in all likelihood, provides better volitional 
control over the lower motoneurons without changing their 
excitability level and/or spasticity level. 

While our study provided data to answer the two main 
questions that we had, it opened many other questions that 
should be investigated for this potentially strong method for 
clinical rehabilitation of stroke. 

Table 1: Summary of gait parameters measured before and after the treatment 
protocol.

DH JT JC

Pre Post Pre Post Pre Pos

Mean Walk Speed 
(m/s) 

Mean Step Cycle 
Time 

(cycles/s)

 
 

0.22 

0.62 

0.44 

0.61 

0.4 

0.79 

0.54 

0.80 

0.28 

0.43 

0.48 

0.72 

Mean Step Length 
(cm) 

Left 
Right 

9.0 
18.00 

23.00 
26.00 

32 
25 

36.00 
38.00 

23.00 
15.00 

42.00 
33.00  

Coeffi  cient of variation (%) 
Left 

Right 
39.00 
18.00 

13.00 
10.00 

13 
19 

11.00 
9.00 

17.00 
23.00 

12.00 
11.00 
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Figure 3: Success Rate (SR) in down-regulating the amplitude of the H-refl ex in 
the 9 sessions (three weeks) of the treatment. Lower panel shows the SR in each 
session and the upper panel shows the SR in each week (the average of the three 
sessions per week). Note the ability of all subjects to improve learning as training 
progresses. 
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Figure 4: Relation between learning to inhibit the H-refl ex (abscissa) and functional 
improvement (ordinate). Functional improvement was assessed by gait speed 
(right ordinate – open symbols) and gait index (left ordinate – fi lled symbols). With 
both measure there was a relation between 5 the success rate (ability to modulate 
spinal circuits) and measures of functional behavior.
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