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C. Walking with FES System   

Electrical stimulation was applied using a modified 

portable neuromuscular stimulator (EMS, Johari Digital 

Healthcare Ltd. India). Stimulation was applied with surface 

electrodes placed over the common peroneal nerve and 

motor point of the anterior tibialis (TA) muscle to elicit 

dorsiflexion and eversion of the foot and achieves a toe 

clearance while walking. FES was delivered in a bi-phasic 

rectangular pulse with 0.3ms pulses at 40 Hz with intensity 

of 20 to 40 mA to produce desired movement at the ankle. 

The stimulation of the affected leg was triggered with the 

swing phase of the gait cycle using a heel switch.  

 

D. Conventional rehabilitation Programme  

Conventional rehabilitation therapy consisted of the 

following strategies: 1) strategies to joint mobilization and 

range of motion exercises; 2) exercises to improve strength; 

3) strategies to manage spasticity; 4) exercises for increase 

range of motion, compensatory strategy; 5) strategies to 

improve balance, and mobility.  

 

III. OUTCOME MEASURES 

 

The following outcome measures were used to evaluate the 

SURJUHVVLRQ� RI� WKH� SDWLHQW¶V� UHKDELOLWDWLRQ� XQGHU� GLIIHUHQW�

therapeutic approaches: 1) walking ability measured by gait 

parameters; 2) the effort of walking measured by PCI; 3) 

EMG analysis of TA muscle for muscle power.  

 

A. Gait parameters 

The 10-m walk was timed using a stopwatch, measuring 

tape and the steps were counted. Our basic outcome 

measurement gait variables were walking speed, cadence, 

and step length. Patients were instructed to walk at their 

comfortable speeds on a walkway. Changes in gait variables 

and effort of walking measured by PCI were assessed both 

by a six-minute walk test (6MWT).  

 

B. Physiological Cost Index (PCI) of walking 

The PCI is a measure of the energy cost of walking. Heart 

rate was measured using a Casio heart-rate monitor, and gait 

speed and distance were measured using a standard 

stopwatch and measuring tapes. The PCI is a gait efficiency 

measure and is expressed in heart beats per meter travelled. 

It is calculated as follows: 
 

 PCI = [HR (w) ± HR (r)] / S 
 

Where: HR (w) = Heart Rate Walking (heart beats/minute); 

HR(r) = Heart Rate Resting (heart beats/minute); S = Speed 

of Walking (meters/minute). 

 

C. Recording of EMG signal 

Surface electromyography (EMG) signals from the TA 

muscle of the affected leg were recorded using a 

multichannel data acquisition system (PowerLab system, AD 

Instruments, Castle Hill, NSW, Australia) with subjects were 

seated in a chair with the knee flexed at 90 degrees and ankle 

at neutral position. A pair of surface electrodes was placed 

over the TA muscle of the affected leg of the subject. The 

EMG was recorded for 10 seconds by encouraging the 

maximum voluntary contractions (MVCs) of ankle 

dorsiflexors. Data analysis was performed off-line using 

MATLAB with the Signal Processing toolbox (The 

MathWorks Inc., Natick, MA, USA). The signal was full 

wave rectified using an absolute function to produce a linear 

envelope. The EMG signals were analyzed for temporal 

parameters such as mean-absolute-value (MAV) and 

maximum root-mean-square (RMS max) for a window length 

of 10 seconds. A customized software program was used to 

determine the MAV and RMSmax of the TA, muscles for 

finding clinical benefits with FES therapy.  

 

D. Data analysis  

Baseline measurements were compared with those obtained 

at 3 months after treatment. The paired t-test was used to 

estimate whether the treatment with FES therapy 

significantly improves the patients walking abilities and 

motor recovery at post-treatment within each group and 

independent test between the groups. The percentage change 

between baseline and post- treatment data was calculated as 

((pre-treatment minus post-treatment)/pre-treatment))* 100. 

7KH�VLJQLILFDQFH�OHYHO�.�ZDV�VHW�DW������IRU�DOO�WHVWV�� 

 

IV. RESULTS 

 

A. Gait Parameters 

After treated with FES based rehabilitation program both 

the groups significantly increased the walking velocity, 

cadence, stride length, and step length are described in table 

1. The mean walking speed in the subacute subjects 

significantly improved from 0.34 ± 0.17 m/s to 0.44 ± 0.18 

m/s (p<0.05) of 29.4%; whereas the chronic subjects 

improved from 0.39 ± 0.17 m/s to 0.47± 0.21 m/s (p<0.05) 

of 17.1% at the end of the trial. Similarly improvements were 

also measured in cadence with subacute subjects improved 

from by 17.6% and the chronic group improved by 13.3% 

respectively. A low PCI indicates an energy-efficient gait. 

The table 2 shows a clinically relevant energy efficient gait 

treated with FES based program. The subacute subjects 

showed a significant reduction of PCI by 73.1% and the 

chronic subject showed an insignificant reduction of PCI by 

46.5 %, which indicates better and energy-efficient gait with 

an early intervention of electrical stimulation.  

 

B. Electromyographic Analysis 

Table 2 shows the measured temporal parameters the MAV 

and RMSmax values of TA EMG signal before treatment in 

both groups. The measured temporal parameters of TA EMG 

signals were improved significantly in both groups. The 

change in MAV value was 29.1% in the subacute group and 

16.8% (p<0.05) in the chronic group at pre- and post-

treatment assessment. Similarly the RMS value also has 

shown significant improvement. 
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Table 1: Measured gait parameters between the groups 

 

Groups Speed (m/s) Cadence 

(steps/min) 

PCI 

(beats/mtr) 

Subacute (n = 8) 

Pre-test 0.34±0.17 67±18.2 1.04±0.5 

Post-test 0.44±0.18 78.8±14.7 0.28±0.17 

Mean diff.        0.1        11.8       0.76 

% change       29.4*        17.6*       73.1* 

Chronic (n = 12)   

Pre-test   0.39±0.17 74.2±24.2 1.2±0.22 

Post-test 0.47±0.21 84.1±20.6 0.64±0.1 

Mean diff.          0.08 13.3         0.56 

% change           17.1* 13.3*        46.5* 

Note. Values are mean ± SD. 

Abbreviation: PCI, physiological cost index. 

*p < .05; Paired t-test. 

 

 

Table 2: Measured temporal parameters within each group 

 

Groups     MAV (mV)       RMS (mV)  

Subacute (n = 8)    

Pre-test 0.023±0.004  0.08±0.03  

Post-test 0.029±0.003 0.11±0.05  

% change              26.1*           37.5*  

Chronic (n = 12)   

Pre-test      0.025±0.004 0.12±0.08  

Post-test        0.03±0.003 0.15±0.01  

% change              20*      25.1*  

Note. Values are mean ± SD. 

Abbreviation: MAV, mean-absolute-value; RMS, root-mean-

square;  

*p < .05; Paired t-test. 

 

A. Comparison between groups 

The subjects demonstrated significant improvements within 

each group in walking parameters, physiological cost index, 

and muscle strength at post-test. However comparison 

between the groups at post-treatment results showed non-

significant difference in walking speed, cadence (p>0.05) 

and a significant difference was seen in PCI measurement.  

 

 

 
(a)  Pre-treatment raw EMG signal    (b) post-treatment raw EMG signal  

       

       
 
  (c) Pre-treatment RMS           (d) Post-treatment RMS 

 

     
 

Fig.2. An example of synthesized RMS of sEMG of tibialis 

anterior from a single subject. 

  

V. DISCUSSION 

 

The purpose of this study was to investigate and compare 

the effects of FES therapy on recovery walking ability, and 

muscle strength between subacute and chronic stroke 

subjects. The 12-week supervised clinics-based rehabilitation 

program associated with FES therapy resulted in better 

improvement in subacute subjects compared to chronic 

stroke subjects. Gains were observed in walking parameters, 

and strength of TA muscle. The differences between the 

subacute and chronic groups suggest that the FES based 

rehabilitation program promoted the recovery and functional 

gains with an early intervention after stroke.  

A significant improvement was measured in walking 

velocity both in the subacute (29.4%) and the chronic 

(17.1%) subjects. In a similar study, Yan et al reported that 

15 sessions of simple FES, given 30 minutes per session 

along with standard rehabilitation 5 days a week, improved 

motor recovery and functional mobility in acute stroke 

subjects, more than placebo stimulation and standard 

rehabilitation, or standard rehabilitation only [16].  

It was observed that while the stimulator was being used, 

the immediate effect of FES acted as an orthosis, bringing 

the ankle into greater dorsiflexion during swing phase, thus 

the walking was easier, faster, and effortless. Subjects also 

had shown improvement in gait, effort of walking and 

muscle strength. To assess effects on more distal outcomes 

such as disability and quality of life, a large, multisite trial is 

needed. The limitations of this study design were the absence 

of a control group. Hence more research is warranted to 

determine the effect of FES based rehabilitation program in 

subacute stroke patients.  
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VI. CONCLUSION 

 

The results of this study showed that the combined effect 

of FES therapy and conventional rehabilitation program 

improved better in terms of walking ability, energy efficient 

gait and muscle strength of treated tibialis anterior muscle 

with subacute than the chronic stroke subjects. The subjects 

could walk more quickly with less effort by using a FES 

device while walking. We concluded that an early 

intervention of FES therapy along with CRP significantly 

improves the gait and muscle strength in the process of 

stroke recovery. Therefore, we suggest that the FES may be 

used as a standard therapeutic protocol with conventional 

techniques for treatment of spasticity foot drop in early 

recovery stage in the physical rehabilitation practices.  
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