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Abstract

Objective—We sought to determine the therapeutic effect of robotic-assisted step training 

(RAST) on neuromuscular abnormalities associated with spasticity by characterization of their 

recovery patterns in people with spinal cord injury (SCI).

Methods—Twenty-three motor-incomplete SCI subjects received one-hour RAST sessions three 

times per week for four weeks, while an SCI control group received no training. Neuromuscular 

properties were assessed using ankle perturbations prior to and during the training, and a system-

identification technique quantified stretch reflex and intrinsic stiffness magnitude and modulation 

with joint position. Growth-mixture modeling classified subjects based on similar intrinsic and 

reflex recovery patterns.

Results—All recovery classes in the RAST group presented significant (p<0.05) reductions in 

intrinsic and reflex stiffness magnitude and modulation with position; the control group presented 

no changes over time. Subjects with larger baseline abnormalities exhibited larger reductions, and 

over longer training periods.

Conclusions—Our findings demonstrate that RAST can effectively reduce neuromuscular 

abnormalities, with greater improvements for subjects with higher baseline abnormalities.

Significance—Our findings suggest, in addition to its primary goal of improving locomotor 

patterns, RAST can also reduce neuromuscular abnormalities associated with spasticity. These 

findings also demonstrate that these techniques can be used to characterize neuromuscular 

recovery patterns in response to various types of interventions.
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Introduction

Two primary clinical sequelae following with incomplete spinal cord injury (SCI) are 

spasticity and impaired voluntary movement (Barbeau et al., 2002, Drolet et al., 1999, Katz 

and Rymer, 1989, Lehmann et al., 1989, Thomas et al., 1997). Spasticity is a motor disorder 

associated with lesions of the nervous system (Lance, 1980), which can lead to changes in 

mechanical properties of the neuromuscular system (Mirbagheri et al., 2001) and lead to 

several forms of motor impairment including dysfunction of motor coordination (Burne et 

al., 2005, Gerhart et al., 1993, Thomas et al., 1998). Many gait impairments are associated 

with spasticity in the lower extremity, including the inability to distribute weight evenly 

between limbs, reduced step width and length, and abnormalities in step rhythm and 

function; all of these factors can negatively affect walking capacity (Field-Fote et al., 2001).

Clinical symptoms of spasticity in SCI include hypertonia, uncontrolled spasms, clonus, and 

the clasp-knife phenomenon (Lance, 1980). Hypertonia is defined as an abnormal increase 

in resistance to passive movement (Katz and Rymer, 1989, Lance, 1980). Regarded as the 

defining feature of spasticity (Katz and Rymer, 1989), hypertonia can arise from 

abnormalities in the mechanical properties of passive tissues, muscle fibers, and stretch 

reflexes (Dietz et al., 1981, Hufschmidt and Mauritz, 1985, Mirbagheri et al., 2001, 

O'Dwyer et al., 1996, Sinkjaer and Magnussen, 1994). Since hypertonia manifests as a 

mechanical abnormality, it is appropriate to characterize it in terms of mechanical properties 

of the spastic joint (Mirbagheri et al., 2000, Mirbagheri et al., 2001). The overall mechanical 

properties of a joint at rest are determined by the combination of i) intrinsic mechanisms 

arising from inertial and viscoelastic properties of the joint and ii) reflex mechanisms arising 

from changes in muscle activation due to afferent response to stretch. Hyperexcitable 

reflexes manifest as a stiffer joint, i.e., a joint more resistant to imposed motion; this 

quantitative characteristic is defined here as stretch reflex stiffness. This separation is useful 

for quantifying the nature of abnormalities associated with spasticity, as each abnormality 

requires its own specific treatments, and thus has a diagnostic and therapeutic significance.

One physical intervention used to promote gait recovery and improve function is body 

weight-supported treadmill training (BWSTT) with manual assistance (Barbeau and Fung, 

2001, Behrman and Harkema, 2000, Dietz and Harkema, 2004, Wernig et al., 1995). Here, 

subjects are provided with partial support of body weight over a treadmill and therapists 

provide assistance to promote foot clearance and to prevent knee buckling during the stance 

phase of gait. Recently, robotic devices have been developed to assist therapists in the 

rehabilitation of people with neurological injury (Volpe et al., 2001). One such device is the 

LOKOMAT (Hocoma, Switzerland), a powered device that provides robotic-assisted step 

training (RAST) similar to BWSTT, but through a motorized exoskeleton that attaches to the 

patient’s legs, rather than manual positioning by a therapist (Colombo et al., 2000). Recent 

results have shown that RAST can improve walking capacity by improving gait speed, 
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endurance, or temporal patterns of electromyographic (EMG) activity (Field-Fote et al., 

2005, Hornby et al., 2005, Mazzoleni et al., 2011, Schwartz et al., 2011, Wirz et al., 2005). 

It has also been shown that RAST can improve spasticity as measured by the Pendulum Test 

(Manella et al., 2010) and reflex excitability (Manella and Field-Fote, 2013), but had no 

significant impact on hypertonia as measured by the Modified Ashworth Scale (MAS) 

(Manella and Field-Fote, 2013, Manella et al., 2010). Thus, the effect of RAST on spasticity 

has been inadequately studied and remains controversial.

While these studies have investigated the effects of RAST on EMGs, gait kinematics, 

clinical and electrophysiological measures of spasticity, the influence of such training on 

neuromuscular abnormalities associated with spasticity has been seldom studied, largely due 

to the aforementioned lack of quantitative and objective clinical tools to characterize the 

neuromuscular components of hypertonia. Given that alternative physical therapies have 

been shown to reduce hypertonia, for example passive cycling with and without functional 

electrical stimulation (Kakebeeke et al., 2005, Krause et al., 2008, Rayegani et al., 2011), we 

hypothesized that RAST would similarly have a positive effect on reducing hypertonia. One 

preliminary study found that a single session of RAST could yield a significant reduction in 

joint stiffness in children with spastic cerebral palsy (Schmartz et al., 2011). However, the 

long-term effect of this training on joint stiffness, particularly once training is completed, is 

unclear.

Typically no intervention has a uniform impact across all subjects; rather there is a marked 

heterogeneity in patient response. However, the standard pre- vs. post-treatment analysis, 

which uses group-averaging techniques, neglects the substantial heterogeneity among SCI 

individuals. Consequently, there is a need for the use of advanced statistical methods, such 

as growth mixture models, that can classify subjects by similar recovery patterns and model 

these patterns over time.

In this study, we addressed these deficits, for the first time, by characterizing the effects of 

RAST on stretch reflex and muscular mechanical properties for SCI subjects, using system 

identification techniques (Mirbagheri et al., 2000, Mirbagheri et al., 2001), and by 

identifying and modeling different recovery patterns for the muscular and reflex stiffness 

properties over the course of one month due to RAST. We investigated the therapeutic 

effects of the training on stretch reflex stiffness, which increases abnormally after SCI 

(Mirbagheri et al., 2001).

Methods

Subjects

Forty-six ambulatory chronic SCI subjects with incomplete motor function loss participated 

in this single-center, randomized study. All subjects had motor-incomplete SCI with an 

American Spinal Injury Association Impairment Scale (ASIA) classification of C or D 

(Kirshblum et al., 2011), a lesion level between C2 and T9, were ambulatory or had a 

passive range of motion (PROM) within functional limits for ambulation, had ankle 

spasticity indicated by a MAS score of 1 or greater, and were granted medical clearance to 

participate. Twenty-three subjects were randomly assigned to the intervention group to 
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receive RAST, while the other half were assigned to the control group and received no 

intervention. The RAST group (7 females and 16 males) had mean±SD age of 46.4±12.6 

years, were evaluated 10.1±8.3 years after the injury, and had median (interquartile range) 

MAS scores of 2 (1.8–3). The control group (8 females and 15 males) had mean±SD age of 

47.9±12.2 years, were evaluated 8.9±8.2 years post-injury, and had median (interquartile 

range) MAS scores of 2 (2–3).

Subjects were draw from the Rehabilitation Institute of Chicago’s outpatient service. All 

provided informed consent and the Northwestern University Institutional Review Board 

approved the study.

Robotic-Assisted Step Training (RAST)

The RAST device consists of four motors aligned bilaterally at the hip and knee joints and 

attached to the patient’s legs by fitted cuffs (Figure 1a). These motors move through 

physiological gait patterns while the patient walks on a motorized treadmill. The degree to 

which the device assists gait can be adjusted by the therapist. Dynamic body weight support 

provides automatic lifting and unloading of the patient through an overhead harness 

(Colombo et al., 2000). Adjustable elastic stirrups attached to the motorized shank prevented 

foot-drop and supported the ankles in the neutral (90°) position but allowed ankle 

movements by the subject (Figure 1b). During training, subjects were encouraged (through 

therapist’s feedback and a mirror placed in front of the subject) to voluntarily contribute to 

their ambulation and replicate stepping behavior as much as possible, with particular 

attention given to activating their ankle muscles.

All participants in the RAST group received training three times a week for four weeks (12 

sessions in total). Each 1-hour session included up to 45 minutes of training. During 

training, we increased the treadmill speed from 1.5 km/h to 2.8 km/h, reduced the guidance 

force (i.e., the level of robotic assistance provided to each leg) from full-assistance to 20% 

assistance, and reduced the body-weight support from 95% to 25%, customized to the 

individual subject’s ability.

Experimental Apparatus

To quantify the neuromuscular properties (intrinsic and reflex stiffness) of the ankle joint, 

ankle perturbations were applied to one of the subject’s ankles to elicit the stretch reflex. 

Typically, in motor-incomplete SCI subjects, the sides of the body are affected differently. 

The tested ankle was the one on which the higher MAS score was observed prior to RAST; 

this usually corresponded with the patient’s self-reported “weaker” side.

Participants were seated and secured in an experimental chair with the tested ankle strapped 

to a custom “footrest” mounted to the shaft of a position-controlled servo motor, aligned 

with the ankle joint center of rotation (Figure 2). Ankle position and torque were recorded 

by a rotary encoder and 6-axis torque transducer, respectively. The neutral position (NP) 

was defined as 90°,with plantarflexion considered negative. Electomyograms were recorded 

using bipolar surface electrodes (Delsys Inc., Boston MA), placed on the belly of the tibialis 

anterior and gastrocnemius muscles, amplified (10k gains for all channels) and low-pass 

filtered (8 dB/decade rolloff) using a 16-channel Delsys Bagnoli amplifier. All data were 
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subsequently sampled by a 16-bit A/D converter (National Instruments, Austin, TX) and 

anti-aliased filtered on-line at 230 Hz.

Experimental Procedure

Prior to the experiment, the PROM was determined by an examiner manually stretching the 

patient’s ankle in both directions at a very slow speed (to prevent muscle activation) until 

maximal resistance or pain was reached. The motor then applied pseudo-random binary 

sequence perturbations to the ankle, with 0.03 rad amplitude and 150 ms switching rate, at 

5° position increments over its PROM, while the knee was held at 60° flexion.

These experiments were conducted while the subject was passive, i.e., no active contractions 

of the muscles were performed (verified by real-time monitoring of EMG activity; trials 

with active contractions were repeated).

Evaluations were performed at baseline (prior to training), and after 1, 2, and 4 weeks of 

RAST.

Analytical Method: Identification of Neuromuscular Properties

Intrinsic and reflex contributions to the ankle stiffness dynamics were separated using a 

parallel-cascade system identification technique (Mirbagheri et al., 2000, Mirbagheri et al., 

2001). We have previously used this technique to demonstrate that ankle stiffness is strongly 

dependent on ankle angle in both healthy and spastic subjects (Mirbagheri et al., 2001, 

Mirbagheri et al., 2007). This method is valid (Alibiglou et al., 2008) and sensitive enough 

to detect the nature of mechanical abnormalities associated with spasticity throughout the 

progression of disease and following specific treatments (Mirbagheri et al., 2011, 

Mirbagheri et al., 2012, Mirbagheri et al., 2009). This method separates the measured joint 

torque due to perturbations into intrinsic (musculotendinous) and reflex contributions. The 

intrinsic pathway is modeled as a second-order dynamic system with intrinsic stiffness K 

(the amount of torque per unit change in ankle position), while the reflex pathway consists 

of a differentiator (to convert position to velocity), a time delay, a half-wave rectifier in 

velocity, and a third-order dynamic system with reflex stiffness G (which describes the 

amount of torque per unit change in perturbation velocity). This analysis was performed 

separately for each of the evaluated ankle positions, yielding stiffness vs. joint angle curves 

for each subject.

Modulation of Intrinsic and Reflex Stiffness with Ankle Joint

For each test, the increasing portion of the stretch reflex stiffness vs. angle (θ) curve was fit 

to an exponential model:

(1)

where coefficient A represents stiffness at the neutral position (θ=0), and B is the 

exponential factor (Figure 3). Differentiating (1) with respect to θ gives:

(2)
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Thus, the product of A and B represents the slope of the exponential curve through the 

neutral position. This model was fit to the same θ-range for a given subject for all four 

evaluations. Parameters A (offset or intercept) and AB (slope) were used to quantify how the 

stiffness-angle curve changed over time. Further, the maximum value of G over the PROM 

(i.e. Gmax) was tracked over time. The same exponential model was fit to the intrinsic 

stiffness K vs. angle curves; for clarity, a subscript G indicates reflex fit parameters, while a 

subscript K indicates intrinsic fit parameters.

Statistical Analysis: Identification of Neuromuscular Recovery Patterns

Growth Mixture Modeling (GMM) was then used to characterize the recovery patterns of 

neuromuscular parameters identified above for both RAST and control groups. GMM is a 

longitudinal mixture model which assumes that a population can be partitioned into distinct 

classes based on similar recovery patterns, and has been widely used to analyze 

heterogeneity in developmental pathways (Hagenaars and McCutcheon, 2002, Jung and 

Wickrama, 2008, Muthen, 2004, Muthen and Muthen, 2000). GMM was applied separately 

for six key parameters of interest: AG, ABG, and Gmax (reflex fit), and AK, ABK, and Kmax 

(intrinsic fit). The quality of the resulting classification was evaluated by the posterior 

probabilities of class membership and the Bayesian Information Criterion. We have 

previously demonstrated the validity of this model (Mirbagheri et al., 2008b) for tracking 

recovery during rehabilitation.

Random Coefficient Regression (RCR) was then used within each class to model the 

recovery pattern as an exponential function of time, and to identify whether the change in 

the parameter value over time was significant:

(3)

where t = (0, 1, 2, 4) to represent the training week (t=0 is the baseline). The coefficient C0 

has the same units as the parameter (AK, ABK, etc.), while β has units of 1/week. This 

equation was then transformed to a linear form as:

(4)

RCR determined whether ln C0 and β were significantly different from zero (p < 0.05). A 

significant value of β indicates that the given parameter changed over time. This approach 

provides insight into whether the RAST intervention provided a statistically-significant 

effect on the intrinsic and reflex stiffness parameters.

Results

To review, for each discrete angular position over the ankle PROM, the system 

identification technique was used to quantify the intrinsic and reflex stiffness properties. The 

stiffness vs. angle curves were then modeled using exponential trends, and GMM and RCR 

techniques were used to model the changes in the exponential parameters over time. This 

analysis allowed us to determine whether the RAST provided a significant reduction in 

neuromuscular properties over the course of four weeks of training.
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Effects of Robotic-Assisted Step Training on Neuromuscular Properties

Our earlier studies showed that both intrinsic and reflex stiffness abnormally increase and 

modulate with the ankle joint position after SCI (Mirbagheri et al., 2001, 2002). In the 

current study, we observed that subjects exhibited different recovery patterns of these 

abnormalities over time. Consider two typical subjects (Figure 4): Subject A experiences an 

approximately-uniform change in stiffness over time, while subject B exhibits minimal 

changes in intrinsic and reflex stiffness between the baseline and week 1 observations but 

marked changes arose between weeks 1 and 2. This finding shows there is no single 

recovery pattern, which underscores the need to delineate the subjects into multiple recovery 

patterns.

Therapeutic Effects: Identification of Recovery Patterns of Intrinsic and Reflex Stiffness

For the RAST group, GMM was used to identify three classes for each of the reflex 

parameters. For consistency, classes were numbered in order of increasing values of the 

mean baseline parameter within each class, such that the group with the lowest mean 

baseline was termed ‘Class 1’, and the group with the highest mean baseline was termed 

‘Class 3’ (See Figure 5 and Table 1).

For the reflex parameters, subjects in all classes exhibited continuous, significant decreases 

in AG, ABG, and Gmax during the training period (Figure 4). This was evident because β was 

negative and significantly different from zero (p<0.05) for all classes (Table 1). (The 

intercept C0 was also significantly different from zero, with p<0.01). As the exponential 

trends were close to linear during the time range of interest (0–4 weeks), the baseline slope 

(i.e. C0*β) was used to estimate the rate of change over the training period.

For all reflex parameters (AG, ABG, and Gmax), the rates of change (Table 1) became more 

negative with increasing class number (higher baseline mean value). As a result, subjects in 

Class 3 exhibited a reduction in their reflex stiffness and slope that was about five times 

higher than subjects in Class 1, and 1.7–2 times higher than subjects in Class 2 over the 

same time period. In fact, the mean baseline value correlated strongly with the rate of 

change (r2 =0.94, p<0.0001), indicating that subjects with higher baseline values of stiffness 

or slope tended to exhibit greater reductions in reflex stiffness or slope in response to the 

RAST training.

For the intrinsic parameters, subjects were classified into two classes; again, classes were 

ranked in order of ascending baseline value, such that Class 1 had the lower baseline mean 

and Class 2 had the higher baseline mean (Figure 6). Again, for all classes β<0 (p<0.05), 

indicating that subjects in the class exhibited significant reductions in stiffness over time.

As with reflex stiffness, the reduction rate for intrinsic stiffness parameters became more 

negative (a greater reduction in stiffness) as the baseline value increased (correlation was r2 

=0.84, p=0.01), indicating that subjects with initially higher intrinsic stiffness and/or slope 

tended to present larger reductions in stiffness and/or slope after RAST training. However 

the changes over training were less consistent between the three parameters. For AK and 

Kmax, Class 2 rate was 2.7–3.4 times higher than Class 1, while for ABK, the reduction rate 

was only 12% higher than Class 1.
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For the control group, GMM and RCR were used to identify and model three classes for 

both reflex and intrinsic parameters (Table 2). It was found that β was not significantly 

different from zero for any of the classes (p>0.05 for all), indicating no significant change in 

time for any of the six parameters.

Discussion

Therapeutic Effects of Robotic-Assisted Step Training on Neuromuscular Abnormalities

Our results reveal several major findings, which provide insight into the therapeutic benefits 

of RAST on SCI subjects. To our knowledge this is the first study to quantitatively 

characterize the therapeutic effects of RAST on the mechanical properties of the 

neuromuscular system, with a specific focus on the effects of amplitude (offset) and 

modulation of reflex and intrinsic stiffness. In addition, GMM and RCR statistical 

techniques were successfully used to identify and model distinct classes of recovery for each 

key parameter of intrinsic and reflex stiffness. All recovery classes showed significant, 

continuous decreases over the 4-week training period; classes with higher levels of baseline 

abnormality presented larger rates of improvement over longer periods of training.

We found that RAST had therapeutic effects in reducing stiffness offset and peak 

magnitude, as well as its modulation with joint angle (slope), for both reflex and intrinsic 

parameters, both of which abnormally increase after SCI (Mirbagheri et al., 2001, 2002). 

The intrinsic parameter levels at baseline was 130–350% higher compared to able bodied 

individuals in our earlier study (Mirbagheri et al., 2008a) and these differences altered after 

4 weeks of training, indicating a substantial reduction in intrinsic stiffness parameters. The 

RAST effects were even stronger on reflex stiffness parameters. Reflex stiffness offset and 

peak magnitude were over 10 times higher compared to able bodied individuals, and reflex 

slope was over 30 times higher; these differences reduced to just over 4 times higher after 4 

weeks. This demonstrates a considerable reduction in these parameters (Mirbagheri et al., 

2008a), although the stiffness measure levels were still much higher than normal indicating 

that more intense therapy for longer periods may be required to achieve better results. The 

training provides greater benefit to those subjects who initially presented greater 

abnormalities; further these subjects appear to benefit from longer training periods. Our 

findings demonstrate that these techniques can be used to characterize and predict the 

progress of changes to neuromuscular properties due to various types of intervention.

The Nature of Stretch Reflex Recovery

Our findings indicated that robotic-assisted step training significantly reduced the magnitude 

and modulation of reflex stiffness with ankle position. Our results are consistent with 

significant decreased spasticity as measured by the Pendulum Test (Manella et al., 2010), 

and by decreased plantarflexor reflex excitability (Manella and Field-Fote, 2013). Although 

these studies have investigated the effects of RAST on clinical and electrophysiological 

measures of spasticity, there are very limited similar studies with which to compare our 

results regarding the influence of RAST on neuromuscular mechanical abnormalities 

associated with SCI. This is largely due to the aforementioned lack of a quantitative and 

objective technique for neuromuscular quantification. Currently, it is unclear as to which 

Mirbagheri et al. Page 8

Clin Neurophysiol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



factor of the stretch reflex activation is responsible for increased muscle tone. Abnormal 

enhancement of stretch reflexes could be due to increased motoneuronal excitability and/or 

increased stretch-evoked synaptic excitation of motoneurons (Katz and Rymer, 1989), which 

are related to reflex threshold and gain, respectively. Thus future work is required to fully 

understand the mechanisms by which RAST training modifies reflex threshold and gain. 

Distinguishing the role of threshold and gain may have both scientific and clinical 

significance, because their underlying mechanisms (Dietrichson, 1971, Katz and Rymer, 

1989, Matthews, 1966, Stein, 1995, Young and Shahani, 1980) are different and require 

different treatments.

Robotic-Assisted Step Training Mechanisms

We chose to focus on the ankle joint because of its pivotal role in locomotion (Lin et al., 

2006, Nadeau et al., 1999) and because modifications to intrinsic and reflex properties in the 

ankle can play a significant role in gait (Barbeau et al., 2002). In this study, we 

demonstrated RAST significantly reduced the abnormal increase in both intrinsic and reflex 

stiffness as well as modified their abnormal modulations with the ankle position.

What mechanisms may explain these improvements? Spastic hypertonia causes 

hyperactivity of spastic ankle extensor muscles, which is usually concurrent with 

hypoactivity of ankle flexor muscles (Katz and Rymer, 1989, Sehgal and McGuire, 1998). 

Prolongation of these abnormalities may lead to structural changes in the spastic muscle 

including reduction in the number and resting length of sarcomeres and shortening of spastic 

muscles (as has been found in cerebral palsy, Friden and Lieber (2003)) and changes in fiber 

size and type (as has been found in SCI, Rochester et al. (1995)). These changes can result 

in contracture and alteration of the muscle length-tension relationship, ultimately leading to 

impaired movement and function (Hufschmidt and Mauritz, 1985, Lieber et al., 2003, 

McDonald et al., 2005, Tabary et al., 1972, Tang and Rymer, 1981, Williams and 

Goldspink, 1978), which can include foot-drop and impaired gait. During training a strap is 

needed to reduce foot-drop, which stretches the ankle extensor muscles toward neutral 

position and therefore could modify the spastic ankle extension pattern during training 

sessions. This modify the functional condition under which the ankle is acting, by promoting 

more natural movements of the lower extremity joints, and could promote improvement in 

the mechanical properties of the spastic joint and muscles and the sensory mechanisms, 

observed in this study.

In addition to altering the neuromuscular properties of the ankle, RAST could improve 

walking impairment through alternative mechanisms. The repetitive normal walking pattern 

during locomotor training might lead to the development of an increasingly ‘normal’ 

locomotor pattern (Dietz et al., 1994, Visintin and Barbeau, 1989) as well as the noted 

improvements in spastic symptoms (including hypertonia) by the activation of spinal 

locomotor centers (Dietz and Sinkjaer, 2011). RAST is assumed to provide similar afferent 

input to that induced by normal overground locomotion.
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Interactions between Neuromuscular Abnormalities and Walking Impairment

In showing that both stretch reflex stiffness magnitude and modulation were reduced by 

RAST training, our study underscores the conflicting views regarding the link between 

spasticity and impaired voluntary movement. Some studies have demonstrated a relationship 

between spastic hypertonia and impaired function (Corcos et al., 1986, Eyre and Miller, 

1993, Gottlieb and Myklebust, 1993), while other studies reject this relationship, based on 

clinical observations that reducing reflex hyperexcitability does not always promote 

functional improvement (Little et al., 1994, Norman et al., 1998). This discrepancy in the 

literature may be due to two major points (i) the hypothetical mechanism that stretch reflex 

hyperexcitability may not directly induce impaired function, but rather, may promote 

abnormal modulation of stretch reflexes during a voluntary movement (Dietz et al., 2002, 

Faist et al., 1996), and may also cause impairments (Eyre and Miller, 1993), and (ii) the 

debate regarding the origins of spasticity.

Regarding the first point, this proposed mechanism is supported by the present quantitative 

study demonstrating the therapeutic effects of RAST on the modulation of stretch reflex 

stiffness with the ankle angle (quantified here as ABG). However, further investigations are 

needed to confirm this relationship because of the limitation of this study, which is the 

inability to separate short- and long-latency stretch reflex torque responses. While there is 

common agreement that short-latency stretch reflexes increase abnormally after spinal cord 

injury, their contribution of these early responses to functional impairment is controversial, 

as discussed above. There is no doubt that the neural activity described as long-latency 

stretch reflex is highly adaptable to meet functional needs (Shemmell et al., 2009) and its 

suppression may play a major role in spastic movement disorders; however, the role of 

stretch reflex components has not been fully characterized due to a lack of appropriate tools 

for quantifying their mechanical properties in meaningful behavioral situations. This 

limitation is due to the fact that reflex torque responses, elicited in response to a rapid pulse 

or PRBS perturbation position, appear after 40 ms and last for a few hundred ms 

(Mirbagheri et al., 2000, Mirbagheri et al., 2001), due to muscle dynamic characteristics, 

which make it difficult to separate short- and long-latency reflex torques.

As a second point, the discrepancy regarding the relationship between spasticity and 

functional impairment could also arise from uncertainty regarding the nature and origin of 

spasticity. Although most studies have attributed spastic hypertonia to hyperexcitability of 

stretch reflexes (Lance, 1980), some studies have attributed it to an increase in intrinsic 

stiffness due to changes in the visco-elastic properties of passive tissues and active muscle 

fibers (Hufschmidt and Mauritz, 1985, Sinkjaer et al., 1993). However, our results 

demonstrated that, in addition to reflex stiffness, intrinsic stiffness was reduced significantly 

during RAST. Our findings address this controversy by showing that hypertonia is due to 

abnormality in both intrinsic and reflex mechanisms, in support of our previous study 

(Mirbagheri et al., 2001). Furthermore, a significant reduction in AK and ABK during RAST 

shows that the training acts both to reduce the magnitude of intrinsic stiffness and to modify 

the functional condition (e.g. muscle length-tension curve) under which the ankle acts. Both 

of these modifications may contribute to the development and progression of gait 

impairment. Our functional outcomes showed that the subjects with initially higher walking 
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capacity benefited more from RAST than subjects with low initial capacity, and these high-

capacity subjects gain significant improvements in speed and functional mobility assessed 

by 10-Meter-Walking speed and Timed-Up-and-Go clinical measures (Niu et al., 2014). 

This disparity could be due to the fact that subjects with lower walking capacity require 

training for a longer period than subjects with higher walking capacity, consistent with 

neuromuscular outcomes of this study.

Advantages of GMM and RCR Statistical Analysis: Identification of Neuromuscular 
Recovery Patterns

Typically, studies evaluate the efficacy of a particular intervention by comparing evaluations 

taken before and after the intervention using a group-means comparison (e.g,. t-test or 

signed-rank test). This approach is insufficient for patient populations as it does not consider 

the often significant inter-subject variability and does not contain longitudinal information 

about the intervention effect. For example, the response to a medication may be nonlinear, 

with different rates of change at different time-points during the intervention period. In this 

study, we overcame these limitations by using two advanced statistical techniques, GMM 

and RCR, to first classify and then model recovery patterns. We used GMM to stratify 

subjects into distinct classes, assuming that subjects’ recovery falls into multiple patterns. 

Further, this classification is performed based on recovery patterns determined at multiple 

time points; thus it is more powerful than clustering techniques which are performed only at 

a single point in time. We then used RCR to mathematically model the recovery pattern; this 

indicated that recovery patterns were rather non-linear, with larger changes between the 

baseline and Week-1 observations than between the Week-3 and Week-4 observations. 

These two powerful and robust techniques incorporate both heterogeneity and longitudinal 

information into the recovery trajectory, and can be useful in other studies for tracking 

recovery processes from neurological disease and the efficacy of a particular intervention.

Conclusions/Implications

The present study suggests that RAST had a beneficial effect for reducing neuromuscular 

abnormalities associated with spasticity. Not all subjects will respond equally to the same 

training protocol; rather, subjects with high levels of neuromuscular abnormality prior to the 

start of training are more likely to experience greater benefits from RAST in terms of 

reducing neuromuscular abnormalities, and further are expected to present improvements 

beyond four weeks of training. By contrast, subjects with low levels of neuromuscular 

abnormality prior to training will present less improvement and will attain their maximal 

benefit in fewer than four weeks of training. The next step in this study is to identify 

predictors for these levels of neuromuscular abnormality that can be quickly and easily 

evaluated in the clinic. Such information can be used by clinicians to help determine which 

subjects are pre-disposed to receive substantial improvements in neuromuscular abnormality 

due to RAST, and how much training is appropriate, prior to assigning such a treatment, 

thereby maximizing results while minimizing efforts and costs. Further, this study can help 

researchers to gain insight into the mechanisms by which the RAST can be used to modify 

reflex and intrinsic stiffness, offering a potential secondary benefit of this training regimen, 

in addition to its primary intended outcome of improved walking.
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Highlights

1. The ability of robotic-assisted step training (RAST) to reduce neuromuscular 

abnormalities associated with spasticity was determined.

2. RAST reduced the abnormalities in both stiffness magnitude and modulation 

with position, proportional to the initial level of abnormality.

3. These techniques can be used to predict the therapeutic effects of different 

interventions on neuromuscular abnormalities.
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Figure 1. 
A: Lokomat apparatus.

B: Close-up view of ankle supports on Lokomat device.
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Figure 2. 
Experimental apparatus.
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Figure 3. 
Illustration of exponential model fit to reflex and intrinsic stiffness data.
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Figure 4. 
Illustration of stiffness trends with ankle position, for two representative subjects. Note that 

subjects A and B exhibit different recovery patterns over time.
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Figure 5. 
Reflex stiffness trends, by class, for the robotic-assisted step training (RAST) group.
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Figure 6. 
Intrinsic stiffness trends, by class, for the robotic-assisted step training (RAST) group.
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