
This is an Open Access article distributed under the terms of the Creative Commons At-
tribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited.

Copyright © 2019 Korean Society of Exercise Rehabilitation� http://www.e-jer.org pISSN 2288-176X
eISSN 2288-1778 

95

*Corresponding author: Atsushi Doi   https://orcid.org/0000-0001-8913-0124
Graduate School of Health Sciences, Kumamoto Health Science University,  
325 Izumi-machi, Kumamoto-kitaku, Kumamoto, Japan
E-mail: atsushidoi01@gmail.com
Received: October 12, 2018 / Accepted: December 9, 2018

Recumbent cycling with integrated volitional control 
electrical stimulation improves gait speed during the 
recovery stage in stroke patients 
Takuya Iyanaga1,2, Hayata Abe1,2, Takashi Oka1,2, Tetsuya Miura3, Rumiko Iwasaki1,2, Mai Takase1,2, Minoru Isatake1,2, Atsushi Doi4,5,* 

1Department of Rehabilitation, Fukuoka Seisyukai Hospital, Fukuoka, Japan 
2Center of Advanced Rehabilitation “HOPE”, Fukuoka Seisyukai Hospital, Fukuoka, Japan
3Department of Rehabilitation, Tsutsumi Hospital, Fukuoka, Japan
4Department of Rehabilitation, Faculty of Health Science, Kumamoto Health Science University, Kumamoto, Japan
5Division of Health Sciences, Graduate School of Health Sciences, Kumamoto Health Science University, Kumamoto, Japan 

The purpose of this study was to investigate the effect of recumbent 
cycling with integrated volitional control electrical stimulation (IVES) on 
gait ability in stroke patients. Six stroke patients (all male; average age, 
55.7± 8.3 years) participated. Recumbent cycling (R-cycling) was per-
formed with and without IVES in the power assist (IVES-P) mode. The 
targeted muscle for electrostimulation was the tibialis anterior. Patients 
performed 10 min of IVES-P mode plus R-cycling (program A) or R-cy-
cling alone (program B), once per day, 5 times per week. Patients com-
pleted two sets of each program, alternating between programs each 
week. Gait speed and the number of steps numbers on a 10-m walking 
test was assessed before and after each interventional session. Pro-

gram A improved gait speed, but not the number of steps, to a greater 
extent than that in program B. Specifically, the combined intervention 
significantly improved gait speed in the first set, but not the second set 
of the intervention. R-cycling with IVES-P mode improved gait speed 
during the recovery stage in stroke patients to a greater extent than that 
achieved with R-cycling alone. Thus, this combined therapy has poten-
tial as a standardized treatment in the field of rehabilitation medicine.
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INTRODUCTION

Stroke patients have various symptoms, including spasticity, 
hemiplegia, imbalance, sensory disturbance, higher brain dysfunc-
tion, and so on (Cantagallo et al., 2012; Klingner et al., 2012; 
Punt and Riddoch, 2006; Wissel et al., 2015). Among these 
symptoms, hemiplegia especially affects the activities of daily liv-
ing (ADL) (Fugl-Meyer and Jääskö, 1980). Gait is fundamental in 
the ADL, and gait ability is a critical factor of the ADL (Mikoła-
jewska, 2013). Thus, for hemiplegia and gait disturbances, various 
rehabilitative training methods for the affected side have been per-
formed, such as proprioceptive neuromuscular facilitation 
(Guiu-Tula et al., 2017), electrostimulation (Pomeroy et al., 2006), 

transcranial magnetic stimulation (Peters et al., 2017), cycling 
(Van de Port et al., 2007), repetitive standing exercise (Pollock et 
al., 2014), and gait training with a treadmill (Brauer et al., 2018). 

Cycling is often used as a therapeutic exercise for stroke patients 
(Van de Port et al., 2007). Although the joint movement of the 
bilateral lower extremities during cycling is different from that 
during walking, cycling as a rhythmic movement is reciprocally 
performed; this reciprocal movement is thought to be similar to 
that in walking. A previous study reported that active cycling ex-
ercise reduces the excitability of the paretic vastus medialis H-re-
flex (Fuchs et al., 2011), while passive cycling activated the unaf-
fected premotor cortex (Peri et al., 2016). Thus, for stroke pa-
tients, cycling itself appears to act upon the components of the 
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central nervous system relevant to gait. However, standard fixed 
cycling presents a risk of falling for stroke patients with trunk im-
balance and motor and sensory hemiplegia. On the other hand, 
recumbent cycling (R-cycling), which is relatively new, is per-
formed in a semi-supine position. Thus, it is a safer cycling meth-
od for patients with imbalance (De Marchis et al., 2015). A pro-
gram of 30 min of semirecumbent aerobic cycling appears to help 
stroke patients regain gait speed (Tang et al., 2009).  

Additionally, electrostimulation has been used to recover from 
muscle weakness and atrophy (Mayr et al., 1999). An advantage of 
electrostimulation is that it can be utilized in, not only athletes, but 
also elderly people with disabilities, as the stimulation can be per-
formed in any position, such as supine, side-lying, sitting, and 
standing (Heidland et al., 2013). A weakness of electrostimulation 
is that it results in passive muscle contractions, rather than active 
contractions. However, passive muscle contractions may affect ac-
tive muscle contractions and contribute to an improvement in the 
ADL. Recently, a clinical study on integrated volitional control 
electrical stimulation (IVES), an applied electromyography 
(EMG)-controlled stimulation system, was published (Yamaguchi 
et al., 2011). The IVES system, which can potentially stimulate 
targeted muscle, includes a IVES power assist mode (IVES-P mode) 
(Yamaguchi et al., 2011). In the IVES-P mode, activation depends 
on the contraction of the targeted muscle. Namely, if a contraction 
of the targeted muscle is detected, the system stimulates the muscle 
at an intensity level proportional to the detected volitional EMG 
signal. On the other hand, if a targeted muscle contraction is not 
detected, the system stimulates the muscle at a sub-motor-thresh-
old level (Yamaguchi et al., 2011). Research using the IVES system 
has mainly focused on the upper extremities (Muraoka et al., 2013; 
Yamaguchi et al., 2011). However, cycling is often utilized as a 
therapeutic exercise in stroke patients. Furthermore, research on the 
combination of cycling and electrostimulation is lacking, especially 

for IVES and gait training. Therefore, the purpose of this study was 
to investigate the effect of the combination of IVES and gait train-
ing on gait ability in stroke patients. 

MATERIALS AND METHODS

Participants
Stroke patients admitted to Fukuoka Seisyukai Hospital from 

2014 July to 2015 March were invited to participate in this study 
(Table 1). All six patients were male (average age, 55.7±8.3 years) 
and satisfied the following three conditions: (a) first-onset stroke; 
(b) able to perform a 10-m independent walking test with or 
without a cane and short brace; and (c) had a score of over 21 
points on the Mini-Mental State Examination. One participant 
(case 2) quit prior to the end of the experiment because of the dis-
charge from our hospital (at the end of A2, as described below) 
(Supplementary Figs. 1, 2). All participants provided written in-
formed consent prior to the start of the experiments, in accordance 
with the Declaration of Helsinki, and the study was approved by 
the Life Science Committee of Fukuoka Seisyukai Hospital (ap-
proval number: 2016-02).

   
Intervention programs

The cycling exercise comprised R-cycling (OG Cateye ergociser 
EC-3500, OG-giken, Tokyo, Japan). The seat was positioned such 
that there was 10 degrees of knee extension when the patients 
were fully extended. Patients cycled in the active cycling mode 
(Fig. 1A). IVES was conducted in the IVES-P mode, and the tar-
geted muscle for electrostimulation was the tibialis anterior (TA) 
of the affected side. A pair of surface electrodes was used for both 
recording EMG data (at the TA motor point) and electrical stim-
ulation of the peroneal nerve, which is located under the fibula 
microcephaly (Fig. 1A, B) (Muraoka, 2002). Patients performed 

Table 1. Characteristics of each subject	

Case  No Age Gender Diagnosis Side Weeks Brace Initial 
ueda-scale (LE) MMSE Sensory 

(SIAS) 

1 64 M Infarction L 8 Use 7 27 2-2
2 59 M Infarction R 4 No use 11 30 NP
3 50 M Infarction L 4 No use 12 26 NP
4 30 M Hemorrhage L 1 No use 8 30 NP
5 55 M Infarction L 13 Use 6 30 NP
6 59 M Infarction L 2 No use 8 26 NP

Side, paralyzed side (L: left, R: right); Weeks, weeks after stroke onset; Brace, use of the brace for walking test; Initial Ueda-scale (LE), before the programs were started, we 
evaluated the paralysis of the lower extremities (L/E) on the affected side using the Ueda-scale, which reflects the modified Brunnstrom stage using 12 grades instead of the 
original 6 grades; MMSE, Mini-Mental State Examination score; Sensory (SIAS), the sensory items in the Stroke Impairment Assessment Set (SIAS); NP, no problem.	
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Fig. 1. R-cycling, IVES, and intervention protocol. (A) Upper panel: the R-cycle is shown; Middle panel: a participant is R-cycling; Lower panel: the electrodes of the 
IVES are shown. (B) The IVES system is shown. (C) The intervention protocol is depicted. IVES, integrated volitional control electrical stimulation; R-cycling, recumbent 
cycling; A1 and A2, the first and second sets of IVES in the power assist (IVES-P) mode with R-cycling, respectively; B1 and B2, the first and second sets of R-cycling 
alone, respectively. 

A

BIntegrated volitional control electrical stimulator (IVES)

Protocol for intervention

(A1 and A2): R-cycling and IVES-P mode
(B1 and B2): R-cycling

(A1) (B1) (A2)

1st 2nd 3rd

C

4th

Fig. 2. The gait speed and number of steps on a 10-m walking test before and after the interventions. (A) The gait speed before the intervention. (B) The gait speed 
after the intervention. (C) The number of steps before the intervention. (D) The number of steps after the intervention. A1 and A2, the first and second sets of IVES-P 
mode with R-cycling, respectively; B1 and B2, the first and second sets of R-cycling alone, respectively; IVES-P, integrated volitional control electrical stimulation in 
the power assist.
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10 min of either program A (IVES-P mode plus R-cycling) or 
program B (only R-cycling) once per day, 5 times per week (Fig. 
1C). Patients performed two sets of program A and B (A1 and 
A2, and B1 and B2, respectively), alternating between the A and 
B programs each week (Fig. 1C).  

Outcome measures
Gait speed and the number of steps on a 10-m walking test 

were assessed before and after each interventional session. For each 
session, the 10-m test was performed twice and the obtained val-
ues were averaged. 

Statistical analysis
Data are expressed as means±standard deviation. Gait speed 

and the number of steps were compared between A1 and B1, and 
between A2 and B2, using two approaches. One analysis focused 
on the weekly change in gait speed/number of steps for each case 
(final data minus initial data within each set). The other analysis 
focused on the average immediate effect (after training minus be-
fore the training within each set) for each case. The Wilcoxon 
signed-rank test was utilized in both analyses. Furthermore, the 

number of cases showing improvement, deterioration, and no 
change were compared between programs and sets using the chi-
square test. P-values of <0.05 were considered statistically signif-
icant. All statistical analyses were performed using EZR (Saitama 
Medical Center, Jichi Medical University, Saitama, Japan), which 
is a graphical user interface for R (The R Foundation for Statistical 
Computing, Vienna, Austria). More precisely, EZR is a modified 
version of the R commander, designed to add statistical functions 
frequently used in biostatistics (Kanda, 2013).  

RESULTS

Overall, the patients showed positive improvements in gait 
speed and the number of steps for both therapeutic programs (Fig. 
3). To better elucidate the changes in these two gait parameters 
for each case, we have provided the data in multiple arrangements 
(Supplementary Figs. 1 and 2; Table 2).

R-cycling with IVES-P mode improved gait speed
The change in gait speed during A1 (IVES-P mode plus R-cy-

cling) was significantly reduced compared to that during B1 (A1: 

Fig. 3. Changes in gait speed before and after each weekly set. (A) The average weekly change in gait speed is shown (*P< 0.05; not significant [ns]). (B) The weekly 
changes in gait speed are shown as pie graphs, in terms of improvement and deterioration. (C) The immediate effects of the intervention on gait speed are shown 
(*P< 0.05, ns). The immediate effects of the intervention on gait speed are shown in terms of improvement and deterioration. (D) The immediate effects of the inter-
vention on the gait speed are shown in terms of improvement, and deterioration. A1 and A2, the first and second sets of IVES-P mode with R-cycling, respectively; B1 
and B2, the first and second sets of R-cycling alone, respectively; IVES-P, integrated volitional control electrical stimulation in the power assist.
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Table 2. The gait assessments for each subject		

Gait speed (sec/10 m)

Case No.
A1 B1 A2 B2

Initial ( I ) Final ( F ) ( F )–( I ) Initial ( I ) Final ( F ) ( F )–( I ) Initial ( I ) Final ( F ) ( F )–( I ) Initial ( I ) Final ( F ) ( F )–( I )

1 9.52 8.77 -0.75 8.91 8.39 -0.52 8.18 8.55 0.37 7.77 8.02 0.25
2 10.58 6.66 -3.92 6.65 6.84 0.19 6.81 5.75 -1.06 - - -
3 7.97 6.41 -1.56 7.45 6.23 -1.22 6.48 6.09 -0.39 5.85 5.97 0.12
4 15.75 8.37 -7.38 8.68 9.76 1.08 8.48 7.36 -1.12 7.88 7.56 -0.32
5 13.13 9.64 -3.49 10.64 8.8 -1.84 8.89 8.49 -0.4 9.16 9.5 -0.66
6 8.01 7.09 -0.92 7.36 7.13 -0.13 7.08 6.69 -0.39 6.94 6.46 -0.48
Avg. -3.00± 2.52 -0.42± 1.03 -0.50± 0.54 -0.22± 0.39

No. of steps (10 m)

Case No.
A1 B1 A2 B2

Initial ( I ) Final ( F ) ( F )–( I ) Initial ( I ) Final ( F ) ( F )–( I ) Initial ( I ) Final ( F ) ( F )–( I ) Initial ( I ) Final ( F ) ( F )–( I )

1 18 17 -1 18 18 0 17 17 0 16 17 1
2 18 14 -4 14 14 0 14 13 -1 - - -
3 15 13.5 -1.5 14 13 -1 14.5 14 -0.5 13 13.5 0.5
4 23.5 17.5 -6 18 17 -1 17 15 -2 15.5 16 0.5
5 18 17 -1 18 15.5 -2.5 16 15.5 -0.5 17 16.5 -0.5
6 15 15 0 14.5 14.5 0 14 14 0 14 14 0
Avg. -2.25± 2.27 -0.75± 0.99 -0.67± 0.75 0.30± 0.57

A1 and A2, the first and second sets of IVES-P mode with R-cycling, respectively; B1 and B2, the first and second sets of R-cycling alone, respectively; Initial (I), at the beginning 
of the set; Final (F), at the end of the set; (F)-(I), the final value minus the initial value; Avg., the average across subjects.	

Fig. 4. Change in the number of steps on the 10-m walking test before and after each weekly set. (A) The average weekly change in the number of steps numbers is 
shown (not significant [ns]). (B) The weekly changes in the number of steps numbers are shown as pie graphs, in terms of improvement, no change, and deterioration. 
(C) The immediate effects of the intervention on the number of steps are shown (ns). (D) The immediate effects of the intervention on the number of steps are shown 
in terms of improvement, no change, and deterioration. A1 and A2, the first and second sets of IVES-P mode with R-cycling, respectively; B1 and B2, the first and sec-
ond sets of R-cycling alone, respectively; IVES-P, integrated volitional control electrical stimulation in the power assist.
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-3.00±2.52 sec, B1: -0.42±1.03 sec, P<0.05) (Fig. 3A). In con-
trast, the change in gait speed did not significantly differ between 
A2 and B2 (A2: -0.50±1.03 sec, B2: -0.22±0.39 sec; P=not sig-
nificant [ns]) (Fig. 3A). The improvement rate in A1, B1, A2, and 
B2 was 100% (6 of 6), 67% (4 of 6), 83% (5 of 6), and 60% (3 of 
5), respectively (A1 vs. B1 and A2 vs. B2, P=ns) (Fig. 3B). The 
immediate effect of therapy on gait speed during A1 was signifi-
cantly reduced compared to that during B1 (A1: -0.68±0.42 sec, 
B1: 0.01±0.31 sec, P<0.05) (Fig. 3C). However, the immediate 
effect of therapy on gait speed did not significantly differ between 
A2 and B2 (A2: -0.13±0.26 sec, B2: 0.05±0.28 sec, P=ns) (Fig. 
3C). The rate of a positive effect was much higher for program A 
(A1 and A2) than for program B (B1 and B2) (improvement and 
deterioration, program A: 87% and 13%, respectively; program B: 
45% and 55%, respectively; P<0.05) (Fig. 3D). 

No effect of R-cycling with IVES-P mode on the number of 
steps

The change in the number of steps on the 10-m walking test 
during A1 was not significantly different from that during B1 
(A1: -2.25±2.27, B1: -0.75±0.99, P<0.05) (Fig. 4A). Further-
more, change in the number of steps did not significantly differ 
between A2 and B2 (A2: -0.67±0.75, B2: 0.30±0.57, P=ns) 
(Fig. 4A). The improvement rate in A1, B1, A2, and B2 was 83% 
(5 of 6), 50% (3 of 6), 67% (4 of 6), and 20% (1 of 5), respectively 
(A1 vs. B1 and A2 vs. B2, P=ns) (Fig. 4B). The immediate effect 
of therapy on the number of steps during A1 was not significantly 
different from that during B1 (A1: -0.55±0.55, B1: -0.31±0.49, 
P=ns) (Fig. 4C). Furthermore, immediate effect of therapy on the 
number of steps did not significantly differ between A2 and B2 
(A2: -0.13±0.49, B2: -0.00±0.32, P=ns) (Fig. 4C). The rate 
distribution among improvement, no change, and deterioration 
was similar for the A and B programs (program A: 52%, 37%, 
and 11%, respectively; program B: 40%, 38%, and 22%, respec-
tively; P=ns) (Fig. 4D). 

DISCUSSION

In the present study, IVES-P mode with R-cycling improved 
the gait speed in stroke patients to a greater extent than that for 
R-cycling alone. Specifically, the combined intervention signifi-
cantly improved gait speed during the first set (A1 vs. B1), but 
not the second set, of the intervention (A2 vs. B2). Furthermore, 
the combination therapy did not show an effect on the number of 
steps in the 10-m walking test (over that for R-cycling alone). 

The effects of R-cycling on the gait speed and number of 
steps

In the first set of R-cycling alone (B1), four out of six patients 
improved in gait speed (Fig. 3B), and half of the six patients de-
creased in the number of steps on the 10-m test (Fig. 4B), sug-
gesting that R-cycling by itself contributes to an improvement in 
gait ability. If R-cycling (B1) was continued for a longer time (i.e., 
for more than 1 week) and/or with greater frequency, the effects of 
R-cycling might be more apparent.    

The effects of IVES-P mode with R-cycling on the gait 
speed and number of steps

It has been reported functional electrical stimulation combined 
with R-cycling improves aerobic capacity (Aaron et al., 2018), 
performance on the time up and go test (Alon et al., 2011), mo-
tricity index (Ambrosini et al., 2012), and cycling imbalance 
during exercise (Ambrosini et al., 2012), but not gait speed (Am-
brosini et al., 2012), or knee muscle power (Ambrosini et al., 
2012). Thus, although adding electrical stimulation with cycling 
has great effects on “motor activity,” this combined therapy does 
not always have a positive effect on “motor functions,” such as gait 
speed (Ambrosini et al., 2012). To our knowledge, a significant 
effect of electrical stimulation with cycling on gait speed in such a 
short intervention period (two 1-week sets) has not been previous-
ly reported. 

We suggest the following two reasons for the difference in the 
effect of the combination therapy on gait speed between the first 
(A1 vs. B1) and second sets (A2 vs. B2). First, the change in gait 
parameters may reach “zero,” suggesting that a plateau phase 
might occur during the intervention process. Secondly, as the 
combination therapy was performed first (A1), it may have had an 
advantage over other trials. 

Differences between the results for gait speed and the 
number of steps, and IVES improvement mechanisms 

We suggest that the observed improvement in gait speed may re-
sult from changes in motor function, such as the range of motion 
(ROM) and muscle activity. For example, an expansion in the hip 
ROM may affect the step cadence, and muscle activity may influ-
ence gait speed. In the present study, we did not measure the step 
cadence, hip ROM, or muscle activity. However, the number of 
steps did not differ between intervention programs (programs A and 
B), suggesting that the improvement in gait speed caused by the 
combined intervention may result from muscle activity, not from an 
increase in the step cadence by an expansion of the hip ROM. 
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Generally, both the iliopsoas and quadriceps are thought to pro-
vide a driving force to advance the lower extremity during the 
swing phase (Alexander and Schwameder, 2016). In the present 
study, however, we electrically stimulated the TA (see MATERI-
ALS AND METHODS section); we did not stimulate the ilio-
psoas or quadriceps. We speculate that TA contraction induced an 
improvement in gait speed by facilitating quadriceps activity, 
which is often clinically used as a way to enhance the “quadriceps 
muscle setting” (Tepperman et al., 1986). We also speculate that 
TA contraction contributes to the clearance of the swing phase of 
the leg and accelerates the movement of the leg (Kim et al., 
2012). These two factors may efficiently affect gait speed.   

The activation of the TA muscle in IVES-P mode, using a bio-
feedback system, depends on the contraction of the targeted mus-
cle (Yamaguchi et al., 2011), suggesting that active TA contrac-
tion and dorsiflexion of the ankle joint is facilitated. This may be 
the main difference between IVES therapy in the IVES-P mode 
and traditional functional electrical stimulation, which is simply 
synchronized to the gait phase and induces a passive muscle con-
traction (Yamaguchi et al., 2011). Although we did not measure 
cortical activity, repetitive active TA contractions caused by the 
IVES-P mode may stimulate, not only the peripheral nervous sys-
tem (muscle and neuromuscular junction), but also the central 
nervous system (motoneurons in the spinal ventral horn and the 
primary motor cortex).    

A clinical limitation of the present study is that refined evalua-
tion equipment were lacking. Therefore, we measured gait speed 
and the numbers of step manually. Recently, several software pro-
grams have been developed for video analysis, including the open 
source software, Kinovea, and so on (Dalal et al., 2018; Damsted 
et al., 2015). Although it may not always be true that clinical re-
search with advanced equipment is best, we plan to further our 
research using a video analyzing system to confirm and expand 
upon the present results.      

The advantage of R-cycling as a therapy is that it is easy and 
safe (De Marchis et al., 2015). Therefore, we strongly believe that 
for stroke patients, R-cycling is more clinically appropriate than 
the classical type of cycling, which is usually used in the rehabili-
tation gym. Currently, some hospitals may not be able to utilize 
the IVES system, as it is a comparatively new system. However, if 
the use of the IVES system is expanded worldwide, the combina-
tion of safe recumbent cycling with IVES may become a standard-
ized treatment in the field of rehabilitation medicine.  

In conclusion, during the recovery stage in stroke patients, 
R-cycling with IVES improves gait speed, but not the number of 

steps, to a greater extent than that achieved with R-cycling alone. 
This combination therapy shows promise in the field of rehabili-
tation medicine.
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