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ARTICLE

The effects of functional electrical stimulation cycling on gait parameters in
diplegic cerebral palsy: a single-blind randomized controlled trial

Duygu T€urkera , Yavuz Yakutb , Evren Yaşarc , Mintaze Kerem G€uneld , Bilge Yılmazc,e,f and
Arif Kenan Tanc,e,f

aFaculty of G€ulhane Physiotherapy and Rehabilitation, Department of Pediatric Rehabilitation, University of Health Sciences, Ankara, Turkey;
bFaculty of Health Sciences, Department of Physiotherapy and Rehabilitation, Hasan Kalyoncu University, Gaziantep, Turkey; cDepartment of
Physical Medicine and Rehabilitation, Gulhane School of Medicine, University of Health Sciences, Ankara City Hospital, Physical Therapy and
Rehabilitation Hospital, Ankara, Turkey; dFaculty of Physical Therapy Rehabilitation, Hacettepe University, Ankara, Turkey; eDepartment of
Physical Medicine and Rehabilitation, Gulhane School of Medicine, University of Health Sciences, Gaziler Training and Research Hospital,
Ankara, Turkey; fDepartment of Physical Medicine and Rehabilitation, Gulhane School of Medicine, University of Health Sciences, Gaziler
Training and Research Hospital

ABSTRACT
Purpose: To investigate the effects of functional electrical stimulation cycling (FES-C) training in add-
ition to conventional physical therapy on gait, muscle strength, gross motor function, and energy
expenditure in ambulatory children with spastic diplegic cerebral palsy.
Materials and methods: Twenty children with diplegic cerebral palsy were randomly assigned to FES-
C group (n¼ 10) or control group (n¼ 10). Subjects trained 3 days/week for 8 weeks. Control group
received conventional physical therapy. The FES-C group additionally received FES-C training. The func-
tional muscle test was used for muscle strength assessment. Vicon-3D system was used for gait ana-
lysis. Gross Motor Function Measure (GMFM-88) was used for motor function assessment and
calorimeter was used for energy expenditure. Measurements were performed at the baseline, at the
eight week and at the sixteenth week.
Results: Functional muscle strength, gross motor function, and energy expenditure improved more in
the FES-C group after training and follow up (p< 0.05). There was no significant difference found
between the changes in gait parameters of the two groups after treatment and follow up (p> 0.05).
Pelvic tilt while walking decreased after training in the FES-C group (p< 0.05).
Conclusions: FES-C applied in addition to conventional physical therapy in children with diplegic cere-
bral palsy is more effective than conventional physical therapy for increasing functional muscle
strength, improving gross motor function functions, and reducing energy expenditure.

HIGHLIGHTS

1. FES-C improves lower extremity functional muscle strength, gross motor function, and energy
expenditure in ambulatory children with spastic dCP.

2. The use of FES-C in combination with conventional physiotherapy methods may be beneficial in
outpatients with spastic dCP.
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Introduction

Gait capacity limitations, one of the most frequent and dis-
abling problems in children with spastic diplegic Cerebral
Palsy (dCP), affects their ability to participate in social activ-
ities by reducing their daily life activities and independent
mobility (Taylor et al. 2013; Van Vulpen et al. 2017).
Additionally, it increases the rate of energy expenditure
required for walking, thus, the children often complain of
fatigue (Balemans et al. 2015). For these reasons, improving
gait ability and capacity is the one of the main therapeutic
goals for many children with dCP. A key element in the
decreased gait capacity in these children is the lower extrem-
ity muscle weakness (Van Vulpen et al. 2017; Pouliot-Laforte

et al. 2020). Various approaches have been used to improve
the muscle strength, endurance, and gait capacity of children
with dCP including task-oriented gait training, robotic or
treadmill-based gait training, assisted functional electrical
stimulation, or standard stationary cycling (Franki
et al. 2012).

Cycling is a dynamic approach that can be used to
improve lower extremity muscle strength, endurance, and it
supports the motor development of individuals with CP
(Harrington et al. 2012). The kinematic pattern of cycling is
similar to gait (Damiano et al. 2017). Since most of the chil-
dren with CP have different joint kinematics and muscle
activity compared to their healthy peers, their pedalling strat-
egies differ. They experience difficulties in the motor
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performance of the bicycle because they apply asymmetric
and irregular force resulting from uncoordinated pushing
and pulling of the pedals instead of rotating the bicycle sym-
metrically and reciprocally (Harrington et al. 2012).
Researchers have emphasized that threshold heart rate
should be reached in individuals with CP to achieve more
symmetrical cardiorespiratory exercise effects and musculo-
skeletal changes. Methods to increase the duration of the
positive force that enables the children with CP to pedal
strongly and support pedalling at appropriate rates should
be used in order to reach this threshold rate. For these pur-
poses, they proposed functional electrical stimulation cycling
(FES-C) as a possible application that can be applied to
improve cycling performance. FES-C may be a viable option
to properly activate/deactivate muscles and maintain stron-
ger muscle contraction (Johnston and Wainwright 2011;
Trevisi et al. 2012).

FES-C is used in individuals with spinal cord injury and a
stroke in order to facilitate cycling and has been shown to
have obvious benefits in muscle strength, cardiovascular
endurance, oxygen expenditure, motor control, and walking
ability (Janssen et al. 2008; Johnston et al. 2008; Yaşar et al.
2015). These benefits suggest that the administration of this
technique may be effective in children, as the central ner-
vous system is more plastic and flexible (McRae et al. 2009;
Trevisi et al. 2012). The only randomized controlled trial
(RCT) (Armstrong et al. 2020) determining the effectiveness
of FES-C in children with CP focussed on functionality and
case series have shown the beneficial effects in children with
CP (Johnston and Wainwright 2011; Trevisi et al. 2012).
However, until today, no RCT has investigated the efficacy of
FES-C or its combination with another exercise training
aimed to improve gait in ambulatory children with dCP.

The aim of this RCT was to determine the efficacy of an
8-week programme of FES-C applied to the lower extremity
in addition to conventional physical therapy (CPT) to
improve gait parameters and functional outcomes in ambula-
tory children with dCP. It was hypothesized that the FES-C
intervention that in addition to CPT would result in signifi-
cantly higher functional muscle strength, improved gait
parameters when compared to CPT.

Material and methods

This study was designed as a RCT to investigate the effect of
an 8-week FES-C on lower extremity in dCP compared with
the CPT programme. The permission of the University Ethics
Committee was received (GO14/119-10) and was registered
with U.S National Library of Medicine Clinical Trials Registry
(NCT03600012). Written consent was obtained from all
parents based on the principles of the Helsinki Declaration.

Participants

The study was conducted on children with dCP who were
referred by paediatric neurologists to the Turkish Armed
Forces Rehabilitation and Care Centre. The inclusion criteria
were (1) classification at levels I or II in the Gross Motor

Function Classification System (GMFCS), (2) 7–16 years of age,
(3) ability in following and accepting verbal instructions. The
exclusion criteria were (1) any kind of lower extremity ortho-
paedic surgery or botulinum toxin injection in the past
6months, (2) motion limitations (at any level) or hip displace-
ment preventing from using the ergometer in the lower
extremity, and (3) any contraindications in children for FES-C
or known cardiac and respiratory problems or uncon-
trolled epilepsy.

Procedure and randomization

The children were stratified according to two variables:
GMFCS level (I-II), and age (youngest: 7–11 years; oldest:
12–16 years). They were subsequently randomized into one
of two groups using the method of block randomization
with a computer-assisted randomization programme (https://
www.randomizer.org/). Evaluations and interventions in this
study were carried out blindly by researchers. All evaluations
carried out by physical therapist and physiatrist researchers
with 20 years’ experience. A researcher (D.T.) with 10 years’
experience paediatric rehabilitation as a physical therapist
carried out all interventions. Twenty-four participants were
randomized to the FES-C and control group as shown in the
flow chart (Figure 1). Finally, 10 children in both groups com-
pleted the study.

Intervention

Control group
Children included in the control group received the CPT pro-
gramme. Programme included weight bearing exercises in
different positions for symmetric and equal weight transfer
on lower extremities, functional strengthening exercises for
hip and knee extensors, stair climbing-descending exercises,
vestibular and proprioceptive training on balance board,
standing on a single leg, functional reaching in various direc-
tions, and stepping exercises in different directions. Gait
training was provided by providing appropriate support and
warnings. The programme was diversified by crossing
obstacles while walking and walking on different surfaces.
Children received 45min of PT three days per week non-con-
secutive days for an 8-week period for a total of 24 sessions.
The exercises were done in three sets with 10 repetitions. All
therapy sessions were aimed to increase the use of the lower
extremity in daily life activities.

FES-C group
The children included in the FES-C group received the CPT
applied to the control group. This programme was applied
for 45min of PT 3 days per week non-consecutive days for
an 8-week period for a total of 24 sessions, just like the chil-
dren in the control group. Children included in the FES-C
group received 30min of FES-C training in each session using
motorized FES bike RT 300 SLSA FES system (RT300-SL cycle,
Restorative Therapies Inc., Baltimore, MD, USA) same days
following in addition to the CPT programme. The children
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were seated in a chair with a back in front of the FES-
C system.

The feet and legs of the patients were securely strapped
to the pedals and calf rests of the cycling system. Adhesive
surface electrodes were placed bilaterally on participant’s
quadriceps, hamstring, glutaeal muscles, and these muscles
were stimulated bilaterally with six channels via 5� 5 cm2

adhesive surface electrodes to provide muscle contraction
for cycling. Active electrodes were placed in the midpoint of
the muscles. Reference electrodes were placed 2 cm above
the patella, 2 cm above the popliteal fossa and 2 cm above
the iliac tuberosity on the quadriceps, hamstrings, and gluta-
eal muscles, respectively. Stimulation frequency was adjusted
as 40 - 50Hz, pulse width was 200––250 ls, and the ampli-
tude was set based on tolerance (Yaşar et al. 2015).

Cycling sessions was divided into three phases. The ses-
sions were a 2-min warm-up period, 30min of active cycling,
and with a 2-min cooling period. The RT300 system is set up
in such a way that the clinician chooses a goal speed, and
the internal software changes the degree of motor assistance
and resistance based on the user’s ability to maintain it.
Motor help is automatically activated if the user is unable to
maintain the intended speed. The amount of resistance
increases when the user surpasses the goal speed. In current
study, because of the variety in participants cycling skills,
power output (PO), which was a product of speed and resist-
ance and displayed on the RT300 monitor, was utilized to
calculate target training intensity. A polar heart rate (HR)
wrist monitor was used to ensure that participants were
achieving a therapeutic training intensity. During 30min of

Figure 1. Flow-Chart the present study.
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active cycling phases, participants was aimed to cycle at
50–60% (HR of >60% of the age-predicted HR max.) of the
maximal PO achieved during a cycling performance. Target
PO was achieved first by increasing the speed and then by
adding resistance if the child was able to cycle faster than
35 rpm. The warm-up and cooling periods did not include
resistance. If a participant fatigued, the activity was stopped
until the individual felt ready to continue cycling.

Outcome measures

Physical characteristics of the children (gender, age, weight,
height, and body mass index (BMI)) were recorded. A stadi-
ometer (Detecto,6439) was used to assess weight and height.
Outcome measures were assessed at baseline, after interven-
tion at 8 weeks, and at 16 weeks (follow up).

Primary outcomes

Muscle strength measures
The 30 s Repetition Maximum Test, which has been found to
be reliable in children with CP, was used to assess functional
muscle strength of the lower extremity. The three closed kin-
etic chain exercises of lateral step-up test sit to stand and
attain stand through half knee were used. The children were
instructed to perform as many repetitions as possible in 30 s
for each of the exercises. The repetition maxima for each
side were used to calculate total scores for the left and right
side and thus five final scores were obtained (Kara
et al. 2015).

Gait parameters (spatiotemporal and sagittal plane
kinematics)
Gait was assessed using a 3D, seven-camera VICON 512
motion measurement system (Oxford Metrics Ltd., Oxford,
UK). VICON Clinical Manager software was used to calculate
and plot the data. In total, 15 reflective markers were placed
bilaterally according to the marker protocol (Davis et al.
1991). Each child was instructed to walk at a self-selected
speed along on walkway and they walked on the 10 metres
walkway until three clean trials were obtained by barefoot.
Temporospatial parameters including cadence, velocity, step
length, stride length, double support time, and single sup-
port time were selected for the analysis. The kinematic
parameters including the ankle dorsiflexion (initial contact
and mid-stance), knee flexion (initial contact), maximum
knee extension (stance), hip flexion (initial contact), hip
extension (terminal stance), pelvic tilt (loading
response) selected.

Secondary outcomes

Gross motor function measurement
The Gross Motor Function Measure (GMFM) is a reliable and
valid parameter to assess changes in gross motor function in
children with CP aged between 5months and 16 years.

Dimensions D (Standing) and E (Walking, Running and
Jumping) of the GMFM-88 were utilized (Rusell et al. 2002).

Energy expenditure

Energy expenditure measurement was performed via the
breath-by-breath method, using an open-circuit indirect cal-
orimeter (Vmax 29c, SensorMedics, Yorba Linda, CA, USA).
After an adequate rest period with the facemask, measure-
ments were obtained during 5min of treadmill walking at its
own walking speeds (average 0.60m/s). It is known that after
2min of submaximal walking, children with CP can attain a
steady-state plateau. Therefore, the first 2min taken to reach
the steady state during a 5-min walk was not included in the
calculation (Yaşar et al. 2015).

Statistical analysis

Statistical analyses were performed using Statistical Package
for the Social Sciences software, version 21 (SPSS Statistics;
IBM Corporation, Armonk, NY, USA). Descriptive analyses
were performed using the median and interquartile range
for the nonnormally distributed and ordinal variables.
Physical characteristics in the FES-C and control groups were
compared using the chi-squared test for categorical variables
(gender, GMFCS) and the Mann–Whitney U test for continu-
ous variables (age, height, weight, and BMI). Numerical varia-
bles were expressed as mean (standard deviation);
categorical variables were expressed as number. Normality
was tested using Kolmogorov–Smirnov test. Two group com-
parisons were performed by Mann–Whitney U test. Baseline,
post-treatment (8 weeks), and follow up (16 weeks) data
were compared using the Friedman test. The Wilcoxon test
was used to assess the significance of pairwise differences
(baseline – 8 weeks, baseline – 16 weeks, 8 weeks – 16
weeks) using the Bonferroni correction to adjust for multiple
comparisons. The corrected p value was <0.017. Effect sizes
were determined for statistically significant comparisons by
using Cohen’s d calculation, with a value of 0.8 considered a
large effect, 0.5 to be a medium, and 0.2 to be a small effect.
For all statistical tests, significance was set at p< 0.05.

For the determination of the appropriate sample size, the
value of ‘walking speed’ was used referred from Arya et al.
studies which investigate the effects of neuromuscular elec-
trical stimulation on walking in children with CP (Arya et al.
2012). Accordingly, in our sample size calculation (alpha 0.05,
beta 0.20, with 80% power), the number of individuals to be
included in the study was determined as at least 8 for each
group. However, a total of 10 patients were included for
each group, considering a dropout rate of 25%.

Results

Participants of 20 children with dCP were randomized and
divided equally between the FES-C group (seven males, three
females; mean age 9.3 ± 3.2 years) and the control group (five
males, five females; mean age. 9.7 ± 3.1 years). Descriptive
statistics are reported in Table 1. Baseline values showed
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that each group was well-matched. There were no statistic-
ally significant differences between the FES-C and control
groups for all baseline scores (p> 0.05).

Primary outcomes

Muscle strength
The FES-C group demonstrated significantly increased func-
tional muscle strength in lower extremity at 8 weeks and 16
weeks when compared to the baseline; however, the control
group did not show significant changes at 8 weeks and 16
weeks when compared to the baseline (Table 2).

From baseline to eighth week, functional muscle strength
in the FES-C group was improved when compared with the
control group (Table 3). The improved results were lateral set
up, sit to stand, attain stand through half kneel (p< 0.05). At
16-week follow-up, functional muscle strength in the FES-C
group had improved when compared with the control group
(Table 3). The improved results were lateral set up, sit to
stand, attain stand through half kneel (p< 0.05).

Gait parameters
From baseline to eighth week and from baseline to sixteenth
week there was no difference between the FES-C and control
groups for any values of temporospatial and sagittal plane
kinematics of gait (p> 0.05) (Table 4). There was a significant
reduction in pelvic tilt after 8weeks of training compared to
baseline measurements in the FES-C group. No significant
change obtained in the control group over time when com-
pared to the baseline (Table 2).

Secondary outcomes

Gross motor function
The FES-C group significantly increased in GMFM-D and E
dimensions at 8 weeks and 16 weeks when compared to
baseline measures; however, the control group did not sig-
nificantly change over this period when compared to base-
line levels (Table 2). From baseline to 8 weeks, GMFM-D and
GMFM-E of the FES-C group was significantly improved when
compared with the control group (p< 0.05). Furthermore,

from baseline to 16 weeks, GMFM-D and GMFM-E of the FES-
C group was significantly improved when compared with the
control group (p< 0.05) (Table 3).

Energy expenditure
The FES-C group demonstrated a significant decrease in
energy consumption in gait at eighth week and sixteenth
week when compared to baseline measures; however, the
control group showed no significant changes at weeks 8 and
16 when compared to the baseline (Table 2). From baseline
to eighth week, energy consumption in FES-C group signifi-
cantly decreased (p¼ 0.005) compared with the control
group (Table 3). From baseline to sixteenth week, energy
consumption in the FES-C group was also significantly
decreased compared with the control group (p¼ 0.050)
(Table 3).

Discussion

This study is the first single-blind RCT investigating the
effects of FES-C in addition to CPT on gait parameters, func-
tional muscle strength, gross motor function and energy con-
sumption in children with ambulatory dCP. The results of
showed that FES-C improved functional muscle strength in
lower extremity, gross motor function, and energy expend-
iture; however, it was unable to improve temporospatial
parameters and sagittal plan gait kinematics in children
with dCP.

Lower extremity muscle weakness is one of the main ele-
ments of the decrease in gait capacity, which is critical in
increasing the functionality and participation in daily life in
children with dCP. Recently, FES-assisted or standard station-
ary cycling are utilized in children with CP for improving
lower extremity strength, endurance, and function, since
they have similarity with kinematic pattern of gait including
repetitive rhythmic motor activity (Damiano et al. 2017). In
the present study, after 8weeks post-treatment, there was an
improvement in functional muscle strength in the lower
extremity. Although a small decrease in functional muscle
strength is observed during the follow-up period (16weeks),
the improvement gained with FES-C training and continued
in the follow-up period. Previous FES-cycling case studies in
patients with CP have shown immediate improvements in
cycling performance as well as longer term increases in lower
limb muscular strength when FES was used (Johnston and
Wainwright 2011; Trevisi et al. 2012). Although the results of
current study are parallel with these two case reports, the
main difference is that the muscle strength assessment
focuses on functional muscle strength rather than one
muscle. Today, rehabilitation practices and evaluations within
the framework of International Classification of Functioning
focus on the gains of the individual in the activity dimension
rather than the body structure and function dimension.
Therefore, it is important to emphasize that the FES-C appli-
cation is also effective at the activity level since muscle
strength is evaluated in three different closed kinetic func-
tions in the lower extremity and positive results were

Table 1. Characteristics of participants at baseline.

FES-C Group
(n = 10)
X ± SD

Control Group
(n = 10)
X ± SD pa,b

Age (years) 9.30 ± 3.20 9.70 ± 3.10 0.969a

Weight (kg) 29.9 ± 11.86 32.50 ± 15.71 0.910a

Height (cm) 130.30 ± 20.99 132.50 ± 20.22 0.940a

BMI (kg/m2) 16.92 ± 1.71 17.85 ± 3.83 0.762a

n (%) n (%)
Gender
Male 7 (70) 5 (50) 0.645b

Female 3 (30) 5 (50)
GMFCS Level
I 4 (40) 4 (40) 1.00b

II 6 (60) 6 (60)

BMI: body mass index; GMFCS: gross motor function classification system.
aMann–Whitney U test for continuous variable.
bChi-squared test for categorical variable.
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obtained. It has been reported in previous studies that
cycling provide strengthening by facilitating reciprocally flex-
ion and extension movements of the lower extremity (Lauer
et al. 2008; Trevisi et al. 2012). Therefore, in the current
study, the FES-C might have contributed to the strengthen-
ing of the previously inactive or weak muscles due to the
repetitive activity of the reciprocally movements. It can be
thought that the applied FES-C affects the excitability of
interneuronal space and motor neurons and contributes to
the capacity to generate more force than can be provided
voluntarily by providing sensory input at the right time
(Trevisi et al. 2012).

Although existing studies have proven that functional
strengthening training increases muscle strength, studies
have not reported positive changes in gait capacity. This is
due to the complexity of the relationship between muscle
strength and walking capacities (Pouliot-Laforte et al. 2020).
When the temporospatial variables of gait were examined in
the present study, it was seen that there was no difference
after treatment in both groups. Given the task specificity of
gait training, this finding is not surprising. Croce and
DePaepe (1989) suggested that a child’s acquired skill should
become automatic before combining it with other activities.
This may be related to be the intensity and frequency of the
training. We think that one of the reasons why the functional
strengthening we obtained with FES-C in our study was not
carried to a complex activity such as gait may be due to the
limited maximum total training dose for participants. In the
present study, the FES-C group demonstrated significantly
decreased pelvic tilt after 8-week training when compared
with baseline measures. Anterior pelvic tilt is often associated
with weakness of the hip extensors and lack of shock
absorption more distally and can be attributed to reduced
performance in the critical event of hip stability during load-
ing response (Wolf et al. 2014). In the light of the informa-
tion in the literature we know that the increase in GMFM is
mostly correlated with the increase in knee and hip exten-
sion strength (Engsberg et al. 2000) and we think that the
gain in pelvic tilt may be a result of the increase of these
muscles’ strength. Shin et al. (2016) investigated the relation-
ship between isometric muscle strength and gait parameters
and gross motor functions in individuals with CP. They
proved that muscle strength in especially hip and knee
extensors is highly correlated with decreased pelvic tilt and
pelvic obliquity during gait. Although we did not measured
muscle strength isometrically in our study, the gains were
obtained by Shin et al. corroborates our results.

When previous studies that investigated the effectiveness
of cycling in CP are examined, there was no clear evidence
found on its effects on gross motor function. Flower et al.
identified that the PEDALS study only included ambulatory
children with CP and improved GMFM-66 scores found for
the cycling group support greater functional strength
(Fowler et al. 2010). Williams and Pountney (2007) reported
large improvements in dimensions GMFM-D&E in their study
including in non-ambulant children with CP. Armstrong et al.
(2020) compared the FES-C with usual care to improve activ-
ity capacity and function in children with cerebral palsy,Ta

bl
e
3.

M
ea
n
di
ffe

re
nc
e
(9
5%

co
nf
id
en
ce

in
te
rv
al
)
w
ith

in
an
d
be
tw
ee
n
gr
ou

ps
fo
r
gr
os
s
m
ot
or

fu
nc
tio

n,
fu
nc
tio

na
lm

us
cl
e
st
re
ng

th
,t
em

po
ro
sp
at
ia
lc
ha
ra
ct
er
is
tic
s
of

ga
it.

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(8

w
ee
ks

m
in
us

ba
se
lin
e)

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(1
6
w
ee
ks

m
in
us

ba
se
lin
e)

E-
FE
S
G
ro
up

s
Co

nt
ro
lG

ro
up

s

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(in

te
rv
en
tio

n
m
in
us

co
nt
ro
l)

(9
5%

co
nf
id
en
ce

in
te
rv
al
)

p
d

E-
FE
S
G
ro
up

s
Co

nt
ro
lG

ro
up

s

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(in

te
rv
en
tio

n
m
in
us

co
nt
ro
l)

(9
5%

co
nf
id
en
ce

in
te
rv
al
)

p
d

Fu
nc
tio

na
lm

us
cl
e
te
st

La
te
ra
ls
et

up
R

2.
00

(0
.7
5–
3.
00
)

0.
00

(–
0.
25
–1
.0
0)

1.
80

(0
.7
1–
2.
88
)

0.
00
5

0.
62

1.
50

(1
.0
0–
2.
25
)

0.
00

(–
0.
25
–1
.0
0)

1.
30

(0
.3
4–
2.
25
)

0.
01
2

0.
56

L
2.
50

(1
.5
0–
4.
00
)

0.
50

(–
0.
00
–1
.0
0)

1.
90

(0
.7
5–
3.
04
)

0.
00
8

0.
60

2.
00

(1
.0
0–
3.
25
)

1.
00

(–
0.
25
–1
.0
0)

1.
40

(0
.1
9–
2.
60
)

0.
02
3

0.
51

Si
t
to

st
an
d

2.
50

(2
.0
0–
4.
00
)

0.
00

(0
.0
0–
1.
00
)

2.
50

(1
.8
1–
3.
18
)

0.
00
0

0.
87

2.
00

(0
.7
5–
3.
25
)

1.
00

(–
1.
00
–2
.5
0)

1.
00

(–
0.
85
–2
.8
5)

0.
02
4

0.
54

At
ta
in

st
an
d
th
ro
ug

h
ha
lf
kn
ee
l

R
2.
00

(1
.0
0–
3.
00
)

0.
00

(0
.0
0–
1.
00
)

1.
90

(1
.1
4–
2.
65
)

0.
00
0

0.
80

2.
00

(1
.0
0–
2.
25
)

0.
00

(0
.0
0–
1.
00
)

1.
40

(0
.4
6–
2.
33
)

0.
00
8

0.
60

L
2.
50

(1
.0
0–
3.
25
)

0.
00

(0
.0
0–
0.
25
)

2.
20

(1
.3
7–
3.
02
)

0.
00
0

0.
83

2.
00

(1
.7
5–
2.
25
)

0.
00

(–
0.
25
–1
.0
0)

1.
80

(0
.9
4–
2.
65
)

0.
00
1

0.
73

G
ro
ss

m
ot
or

fu
nc
tio

n
G
M
FM

-D
3.
85

(1
.9
3-
8.
33
)

0.
00

(0
.0
0–
0.
51
)

4.
41
(1
.7
4–
7.
08
)

0.
00
2

0.
70

5.
12

(1
.9
2–
7.
69
)

0.
00

(0
.0
0–
2.
18
)

3.
90

(1
.5
3–
6.
27
)

0.
00
3

0.
67

G
M
FM

-E
2.
08

(1
.3
7-
3.
82
)

0.
00

(0
.0
0–
0.
00
)

2.
77

(0
.9
8–
4.
56
)

0.
00
1

0.
75

2.
08

(1
.3
7–
3.
47
)

0.
00

(0
0.
00
–0
.0
3)

2.
63

(0
.9
7–
4.
29
)

0.
00
2

0.
69

En
er
gy

ex
pe
nd

itu
re

Vo
2
m
lk
g-
1
m
in
-1

−
2.
35

(-
3.
82
-
-1
.1
5)

0.
10

(–
0.
55
–0
.6
5)

–2
.1
3
(–
5.
34
–4
.9
0)

0.
00
4

0.
63

–0
.9
0
(–
1.
80
–
–0
.5
0)

0.
60

(–
0.
97
–1
.2
7)

–1
.3
1
(–
2.
72
–0
.1
0)

0.
05
0

0.
43

Va
lu
es

ar
e
m
ed
ia
n
(2
5
th

75
th

çe
nt
ile
).
p
va
lu
es

fo
r
be
tw
ee
n-
gr
ou

p
di
ffe

re
nc
e
in

w
ee
ks

8–
0
an
d
w
ee
k
16
–0

sc
or
es

w
er
e
ca
lc
ul
at
ed

us
in
g
th
e
M
an
n–

W
hi
tn
ey

U
te
st
,p

<
0.
05
;d

:e
ffe

ct
si
ze

co
he
n'
s
d.

R:
rig

ht
;L
:l
ef
t;
Vo

2:
ox
yg
en

co
ns
um

pt
io
n
pe
r
un

it
tim

e.

68 D. TÜRKER ET AL.



Ta
bl
e
4.

M
ea
n
di
ffe

re
nc
e
(9
5%

co
nf
id
en
ce

in
te
rv
al
)
be
tw
ee
n
gr
ou

ps
fo
r
te
m
po

ro
sp
at
ia
lc
ha
ra
ct
er
is
tic
s
an
d
sa
gi
tt
al

pl
an

ki
ne
m
at
ic
s
of

ga
it.

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(8

w
ee
ks

m
in
us

ba
se
lin
e)

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(1
6
w
ee
ks

m
in
us

ba
se
lin
e)

E-
FE
S
G
ro
up

s
Co

nt
ro
lG

ro
up

s

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(in

te
rv
en
tio

n
m
in
us

co
nt
ro
l)

(9
5%

co
nf
id
en
ce

in
te
rv
al
)

pa
E-
FE
S
G
ro
up

s
Co

nt
ro
lG

ro
up

s

D
iff
er
en
ce

be
tw
ee
n
gr
ou

ps
(in

te
rv
en
tio

n
m
in
us

co
nt
ro
l)

(9
5%

co
nf
id
en
ce

in
te
rv
al
)

pa

Te
m
po

ro
sp
at
ia
lc
ha
ra
ct
er
is
tic
s
of

ga
it

Ca
de
nc
e
(s
te
ps
/m

in
)

5.
00

(–
1.
25
–1
1.
75
)

0.
00

(–
0.
50
–1
4.
00
)

1.
55

(–
6.
32
–9
.4
2)

0.
56
5

7.
00

(–
1.
00
–1
0.
50
)

1.
05

(–
5.
12
–1
0.
75
)

0.
09

(–
9.
95
–1
0.
13
)

0.
70
5

Ve
lo
ci
ty

(m
/s
ec
)

0.
12

(–
0.
07
–0
.1
7)

0.
00

(0
.0
0–
0.
06
)

0.
03

(–
0.
09
–0
.1
5)

0.
39
9

0.
00

(–
0.
06
–0
.2
0)

0.
01

(–
0.
09
–0
.2
3)

0.
01

(–
0.
17
–0
.1
9)

0.
73
3

St
ep

le
ng

th
(m

)
–0
.0
1
(–
0.
04
–0
.0
6)

0.
00

(–
0.
01
–0
.0
7)

–0
.0
6
(–
0.
07
–0
.0
6)

0.
93
9

0.
03

(–
0.
03
–0
.1
0)

0.
00

(–
0.
05
–0
.1
0)

0.
01
(–
0.
06
–0
.0
8)

0.
56
6

St
rid

e
le
ng

th
(m

)
0.
03

(–
0.
08
–0
.1
4)

0.
00

(–
0.
01
–0
.1
3)

–0
.1
8(
–0
.1
5–
0.
11
)

0.
93
9

–0
.0
4
(–
0.
10
–0
.1
8)

–0
.0
1
(–
0.
10
–0
.1
6)

0.
05
(–
0.
14
–0
.2
4)

0.
94
0

D
ou

bl
e
su
pp

or
t
(s
ec
)

–0
.2
5
(–
0.
28
–0
.0
0)

0.
00

(–
0.
07
–0
.0
0)

–0
.0
8(
–0
.2
1–
0.
03
)

0.
58
5

0.
02

(–
0.
02
–0
.1
8)

0.
05

(–
0.
00
–0
.1
2)

–0
.0
0
(–
0.
12
–0
.1
0)

0.
97
0

Si
ng

le
su
pp

or
t
(s
ec
)

–0
.0
1
(–
0.
04
–0
.0
3)

0.
00

(–
0.
03
–0
.0
0)

0.
00

(–
0.
04
–0
.0
5)

0.
87
7

–0
.0
1
(–
0.
04
–0
.0
6)

–0
.0
2
(–
0.
11
–0
.0
1)

0.
05
(–
0.
02
–0
.1
3)

0.
25
6

Sa
gi
ta
lp

la
ne

ki
ne
m
at
ic
s
of

ga
it

H
ip

fle
xi
on

at
in
iti
al
co
nt
ac
t

R
–5
.0
0
(–
10
.7
2–
0.
70
)

0.
00

(–
8.
82
–2
.6
7)

–1
.1
5
(–
8.
21
–5
.9
1)

0.
40
5

–5
.0
0
(–
10
.7
2–
0.
07
)

–3
.5
5
(–
7.
52
–0
.5
0)

1.
58

(–
6.
46
–9
.6
2)

0.
65
0

L
–0
.3
5
(–
8.
37
–2
.8
2)

0.
00

(–
2.
37
–4
.0
7)

–1
.1
3
(–
7.
26
–5
.0
0)

0.
65
0

–4
.3
0
(–
10
.5
2–
0.
42
)

–0
.9
5
(–
8.
40
–0
.5
7)

–2
.1
8
(–
8.
86
–
4.
50
)

0.
40
6

H
ip

ex
te
ns
io
n
at

te
rm

in
al

st
an
ce

R
–2
.1
0
(–
9.
35
–2
.6
0)

0.
00

(–
5.
84
–3
.3
5)

–2
.4
8
(–
8.
85
–3
.8
9)

0.
44
9

–0
.7
5
(–
7.
20
–3
.1
3)

–2
.6
5
(–
11
.9
2–
5.
12
)

0.
07

(–
7.
39
–7
.5
4)

0.
70
5

L
0.
75

(1
2.
24
–3
.2
8)

0.
00

(–
13
.7
0–
2.
42
)

1.
00

(–
7.
16
–9
.1
7)

0.
70
5

–1
.5
0
(–
8.
05
–3
.5
5)

–3
.9
4
(–
12
.1
7–
1.
95
)

2.
37

(–
4.
73
–9
.4
9)

0.
42
7

Pe
lv
ic
til
t
at

lo
ad
in
g
re
sp
on

se
R

–3
.6
5
(–
8.
70
–
–1
.0
5)

0.
00

(–
3.
12
–3
.3
0)

–3
.8
4
(–
9.
64
–1
.9
5)

0.
08
2

–1
.9
5
(–
6.
47
–0
.0
9)

–3
.5
0
(–
7.
40
–1
.3
2)

–0
.2
8
(–
5.
50

–4
.9
4)

0.
94
0

L
–3
.6
5
(–
8.
40
–
–1
.0
5)

0.
00

(–
3.
52
–2
.0
2)

–3
.8
1
(–
9.
98
–
2.
36
)

0.
06
9

–1
.9
5
(–
6.
45
–
–0
.0
2)

–3
.5
5
(–
6.
05
–2
.0
2)

–1
.1
7
(–
6.
69
–4
.3
4)

0.
79
1

Kn
ee

fle
xi
on

at
in
iti
al

co
nt
ac
t

R
–3
.2
9
(–
9.
75
–3
.9
5)

0.
00

(–
8.
42
–2
.9
0)

–0
.9
9
(–
7.
18
–5
.1
8)

0.
76
2

–3
.2
5
(–
11
.8
0–
1.
71
)

–4
.4
5
(–
11
.6
7–
2.
70
)

2.
81

(–
6.
69
–1
2.
31
)

0.
94
0

L
0.
90

(–
1.
67
–6
.6
0)

0.
00

(–
4.
05
–2
.4
2)

1.
42

(–
4.
13
–6
.9
2)

0.
59
6

–2
.3
5
(–
5.
57
–6
.7
7)

0.
00

(–
4.
20
–2
.4
1)

0.
10

(–
6.
13
–6
.3
3)

0.
65
0

M
ax
im
um

kn
ee

ex
te
ns
io
n
at

st
an
ce

R
–2
.2
0
(–
7.
15
–4
.1
2)

0.
30

(–
1.
15
–6
.1
2)

–2
.7
7
(–
9.
02
–3
.4
8)

0.
32
5

–1
.7
5
(–
3.
25
–1
.4
0)

0.
00

(–
5.
50
–4
.0
2)

–0
.1
3
(–
6.
22
–5
.9
6)

0.
57
0

L
–0
.1
5
(–
2.
74
–6
.3
7)

0.
00

(–
1.
80
–0
.3
2)

1.
96

(–
3.
58
–7
.5
0)

0.
59
6

1.
08

(–
2.
30
–4
.1
5)

0.
15

(–
1.
12
–3
.7
0)

0.
29

(–
4.
10
–4
.6
8)

0.
94
0

An
kl
e
do

rs
ifl
ex
io
n
at

in
iti
al
co
nt
ac
t

R
2.
20

(–
1.
77
–7
.3
0)

0.
00

(–
9.
07
–6
.9
7)

0.
58

(–
5.
43
–6
.5
9)

0.
82
0

0.
92

(–
20
.0
0–
3.
43
)

0.
00

(–
9.
07
–5
.7
7)

1.
37

(–
4.
60
–7
.3
5)

0.
54
5

L
1.
10

(–
3.
31
–6
.7
6)

0.
00

(–
5.
35
–2
.3
0)

2.
95

(–
3.
98
–9
.9
0)

0.
32
5

2.
57

(–
3.
29
–8
.2
2)

0.
75

(–
1.
60
–4
.0
5)

3.
18

(–
4.
09
–1
0.
45
)

0.
65
0

An
kl
e
do

rs
ifl
ex
io
n
at

m
id

st
an
ce

R
1.
55

(–
3.
02
–4
.8
5)

–1
.3
0
(–
11
.5
0–
0.
35
)

6.
33

(0
.2
8–
12
.3
8)

0.
05
8

–2
.1
5
(–
4.
75
–4
.3
0)

–0
.8
0
(–
11
.6
5–
0.
00
)

4.
09

(–
2.
75
–1
0.
94
)

0.
40
6

L
0.
85

(0
.1
2–
3.
97
)

–0
.6
0
(–
6.
65
–0
.0
0)

4.
64
(–
1.
38
–1
0.
66
)

0.
05
7

–2
.2
0
(–
5.
77
.–
0.
67
)

–1
.1
5
(–
8.
15
–0
.5
5)

1.
14

(–
4.
37
–6
.6
5)

0.
82
0

Va
lu
es

ar
e
m
ed
ia
n
(2
5
th

75
th

çe
nt
ile
).
pa

va
lu
es

fo
r
be
tw
ee
n-
gr
ou

p
di
ffe

re
nc
e
in

w
ee
ks

8–
0
an
d
w
ee
k
16
–0

sc
or
es

w
er
e
ca
lc
ul
at
ed

us
in
g
th
e
M
an
n–

W
hi
tn
ey

U
te
st

p
<
0.
05
.m

in
:m

in
ut
e;
m
:m

et
er
;s
ec
:s
ec
on

d;
R:

rig
ht
;

L:
le
ft
.

SOMATOSENSORY & MOTOR RESEARCH 69



aged 6–18 years and GMFCS II-IV, and they found statistically
significant improvements of GMFM-88 and -66 in the FES-
C group.

Studies in the literature have proven that the increase in
lower extremity muscle strength obtained as a result of func-
tional strengthening training targeting lower extremity
muscles in children with cerebral palsy is reflected as statis-
tically significant improvements in the D and E subsections
of GMFM (Damiano and Abel 1998). For this reason, signifi-
cant improvements in GMFM-D&E are not an unexpected
finding. In our study, we found that FES-C contributed to
positive improvements in functional muscle strength increase
in GMFM and its long-term effect continues in GMFM-D&E
dimension in the follow-up. Ross et al. emphasized that in
children with dCP, GMFM-66 and GMFM-E dimensions were
related as moderate-to-high with the lower extremity muscle
strength and explain GMFM-66 by 69% (Ross and Engsberg
2007). Similarly, the increase in GMFM-D&E scores in our
study can be thought to result from the increase in func-
tional muscle strength. Studies in the literature argue that
strength development improves the individual’s functions by
increasing gross motor function (Damiano and Abel 1998;
Dodd et al. 2003).

In the present study, after 8weeks post-treatment, there
was a decrease in energy consumption and this decrease
was sustained in the follow-up period. It is well known that
inappropriate muscle activity contributes to increased energy
expenditure of gait in children with CP (Steele et al. 2017).
During the cycling, in research has shown that coordination
of muscle activity, rather than intensity of muscle activity, is
related to improper timing contributing to higher energy
expenditure (Wakeling et al. 2010). Thus, the magnitude of
muscle force and the coordination among muscle groups
may influence energy expenditure and performance. FES-C
training may have contributed to the reduction in energy
consumption by enabling the agonist/antagonist muscles to
perform muscle activation in a well-timed and coordinated
manner with the sequential contractions of the appropriate
muscle groups, thanks to the electrical stimulation it creates
in the lower extremity to provide the bicycle pedal cycle.
Cycling is an enjoyable activity, and ‘enjoyment’ is a strong
predictor of long-term engagement in physical activity
(Baksjøberget et al. 2017; Armstrong et al. 2020). Therefore,
FES-C training may be useful method that increase children’s
motivation since it is fun for children, it is a training method
that can be applied in addition to conventional physiother-
apy to increase muscle strength, motor function, and reduce
energy consumption.

Strengths of our study are the randomized controlled
design; using objective, validated, and reliable measures; the
evaluators are blind to interventions, and follow-up period to
long term effects to treatments. There are some potential
limitations to consider when interpreting our results. The cur-
rent study focussed only on body structure and function of
ICF in children with CP with minimal functional impairment
(GMFCS levels I and II). In this study, participants training
three times per week for 8weeks, and thus we do not know
whether similar or various benefits would be gained with a

longer duration. It is also possible that longer programmes
will lead to even greater benefits over time than those
reported here. Therefore, in future studies, it will be benefi-
cial to keep the treatment period and total training dose lon-
ger. Moreover, the participation dimension of the ICF, which
emphasizes the independence of the child in about partici-
pant should be focussed.

Conclusion

FES-C is a promising additional therapeutic method to
increase functional muscle strength, improve gross motor
function, and energy consumption in children with dCP. The
use of FES-C in addition to the CPT protocol should be useful
in children with ambulatory dCP. However, this can be
thought of as a supportive tool, not as a stand-alone thera-
peutic method.
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