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Cycling induced by functional electrical stimulation improves
the muscular strength and the motor control of individuals

with post-acute stroke
Europa Medicophysica-SIMFER 2007 Award Winner
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Aim. The aim of this study was to investigate the effec-
tiveness of cycling induced by functional electrical stim-
ulation (FES) in patients with postacute stroke. 
Methods. Twenty postacute inpatients were recruited
and were randomly shared in a control group (56±9.2
years old, 50.8±24.5 days post-stroke) performing the
standard rehabilitation (SR) and a FES group (51±12
years old, 56.1±22.8 days post-stroke) performing FES
cycling in addition to SR. Both the groups performed 3
hours of rehabilitation per day for 4 weeks. The FES
cycling was applied daily for 35 minutes and quadri-
ceps, hamstring, gluteus maximus and tibialis anterior
of both the legs were stimulated. The two groups were
compared by the following outcome measurements
before and after treatment: maximum isometric volun-
tary contraction (MVC) of quadriceps, walking and sit-
to-stand ability, motricity index, upright motor control
test and trunk control test.
Results. After the treatment, the U-Mann-Whitney test
demonstrated that the FES group produced a signifi-
cantly higher increase of the muscular force produced
by both the quadriceps during MVC with respect to the
control group (P<0.05). Seventy percent of FES patients
learned how to perform the sit to stand movement with
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three different rising speeds while no control patients
develop the ability to perform the task properly. 
Conclusion. Rehabilitation including FES cycling was
more effective in promoting muscle strength and motor
recovery of the lower extremity than therapist-assisted
SR alone. Tests on an enlarged number of patients are
necessary for generalization before proposing FES
cycling in the clinical rehabilitation of post-acute stroke
patients.
KEY WORDS: Electric stimulation therapy - Stroke - Rehabilitation
- Muscle strength. 

Stroke continues to be a major public health con-
cern, with more than 750 000 new strokes occur-

ring each year in the US. In Italy about 180 000
strokes per year occur among which the 80% are
first strokes and the 20% are recurrent ones.1, 2

Though the ictus incidence is decreasing in the last
years, it remains the third leading cause of death
behind heart disease and cancer and the leading
neurologic cause of long-term disability.1 The most
common effect of a stroke is the hemiparesis that is
a paralysis of one vertical half of the body.
Hemiparesis is not a static phenomena: it foresees
some degrees of motor recovery which depend, con-
siderably, on the initial severity of the stroke and
on the choice of rehabilitation. 
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Several studies have revealed that motor experi-
ence plays a major role in the subsequent physiolog-
ical reorganization occurring in the adjacent intact tis-
sues.3, 4 Clinical studies on central motor neuroplasticity
support the role of goal-oriented, active, repetitive
movement in the training of the paretic limb to
enhance motor relearning and recovery in patients
with stroke.5 If goal-oriented, repetitive movement
therapy facilitates motor relearning, it is possible that
electrical stimulation-induced, goal-oriented, repetitive
movement therapy furthermore facilitates motor
relearning.6, 7

The application of functional electrical stimulation
(FES) can reduce the time needed to the recovery of
the individuals with stroke with respect to the standard
rehabilitation.8-10 Although the use of FES on upper
extremities is well established in the rehabilitation of
patients with hemiplegia, the possibility of applying
FES to the lower limbs was tested recently by Yan et
al., showing interesting results.9 FES was delivered
to 4 muscles (quadriceps, hamstring, tibialis anterior
and medial gastrocnemius) of the affected lower limb
in order to recreate the walking sequence with the
patient side-lying on the bed. This movement is very
important but it was not produced bilaterally in the real
walking environment. It can be hypothesized that
cycling induced by FES could be more rehabilitative
than this reproduction of walking because the patient
can learn the proper motor strategy, as in the other
study, but he can also have a sensorial bio-feedback
on the symmetry of the movement and on the bilat-
eral use of the legs. 

The use of FES cycling on individuals with stroke
seemed to be better than performing the passive
movement alone because it provides the complete
afference of the task to the patient, enhancing the
synaptic controls needed to produce a well orga-
nized movement. This process can be crucial in a
postacute phase of the hemiparesis because the
patient could relearn the proper way to produce a
movement. In addition, FES cycling can be per-
formed in a very safe and comfortable position for
patients. All these characteristics make this move-
ment usable in the rehabilitation of the most of the
stroke patients, also in a post-acute stage. In addition,
the kinematic patterns of cycling are very similar to
the ones of walking that is one of the most important
motor function to recover in a stroke patient.11, 12, 13

Both these tasks are cyclical, require reciprocal flex-
ion and extension movements and have alternating

muscle activations of antagonists in a well-timed and
coordinated manner.

The aim of this study was to evaluate the clinical effi-
cacy of FES cycling as a rehabilitation treatment sup-
plementary to the standard rehabilitation (SR) for sub-
acute stroke patients.

Materials and methods

Subjects and selection criteria

After given their informed consent, 20 patients with
stroke were included in the clinical study. 

The patients were postacute hemiplegics who were
affected by an ischemic or hemorrhagic ictus. All of
them were collaborative, able to understand simple
instructions and able to sit in a wheelchair for about
45 minutes; in addition, a low spasticity for all the
muscles of the lower limbs (Ashworth <2) and a good
joint mobility (a knee extension up to 150° and a hip
flexion up to 80°) were required. Patients with cardiac
pacemaker or allergic to adhesives or electrodes were
excluded.

Participants were randomly allocated to two groups:
a control group performing the SR and a FES cycling
group, performing FES cycling in addition to the SR.
Patients were allocated into one of the two groups fol-
lowing a PC procedure. PC generated a random vec-
tor of N elements; the elements could be equal to 0 or
1 and the sum of all the elements was the half of the
vector length. Each patient was randomly assigned
to one position of the vector. Thus, if the element of
the patient position was 0, the patient was treated
with FES cycling, if it was 1 the patient was assigned
to the control group. The vector position was can-
celled after its extraction. 

The SR performed with therapists included stretch-
ing, muscular conditioning with active or passive
mobility, exercises to recover the trunk control, the
standing position and walking training. Both the
groups underwent about 3 hours a day of rehabili-
tation. The sequence and composition of exercises
was customised on each patient. Patients demo-
graphic and clinical details are reported in Table I.
The two groups were comparable in terms of age
(56±9.2 years old for the control group and 51±12 for
the FES group) and time elapsed from the ictus
(50.8±24.5 days for the control group and 56.1±22.8
for the FES group).
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Pre- and post-treatment tests

To compare the improvements produced by the
rehabilitation on the two groups, the following clini-
cal tests were selected and performed at the beginning
and the end of the 20 days of treatment:

1. Trunk Control Test (TCT) evaluates trunk move-
ments and balance while seated;14

2. Motricity Index (MI) is a general clinical test to
evaluate the mobility of the ankle, knee and hip joint
during voluntary movements performed against grav-
ity or against an external resistance;15

3. Upright Motor Control Test (UMC) assesses func-
tional muscle strength of the hemiplegic limb both in
flexion and extension;16

4. walking test of 50 m represents the indoor walk-
ing ability of the patients;17

5. sit to stand trials to test motor control. Patients
were asked to perform the movement at three differ-
ent speeds: self-selected from the patient, one slower
and one faster. The knee angle was measured by an
electrogoniometer mounted on the knee of the affect-
ed limb. This test evaluates the motor control of the
patient and in particular the ability to modulate the
speed of execution;17

6. maximal voluntary contraction (MVC) measures
the quadriceps isometric maximum force.17 During
this test the patient sat on a bench with the leg flexed
and the knee angle fixed at 90°. The force was mea-
sured by load cell (L 2350/200LBS, Tekkal, Italy)
mounted between the wall and the ankle. This test was
carried out on both the legs.

Once preliminary tests had been conducted, the
two different treatments started for the two groups.

FES cycling treatment

The FES cycling treatment was performed everyday
for 4 weeks. Each trial lasts 35 minutes:

1. 5 minutes of passive cycling;
2. 10 minutes of FES;
3. 5 minutes of passive cycling;
4. 10 minutes of FES;
5. 5 minutes of passive cycling;
During all the sessions 4 muscular groups per each

limb were stimulated: quadriceps, hamstrings, glu-
teus maximums and tibialis anterior. Every muscle
was stimulated in a particular range of the crank angle,
according to the Nitlab stimulation strategy.18 This
strategy, developed for individuals with spinal cord
injury was modified substituting the stimulation of
the gastrocnemius medialis with the tibialis anterior in
order to achieve a better rehabilitation against the
problem of drop foot. The crank angle was measured
by a shaft encoder and it was acquired by a PC run-
ning Matlab/Simulink®. 

The Thera–Live™ ergometer (Medica Medizinte-
chnik GmbH, Germany) was chosen for the treat-
ment. A current–controlled 8–channel stimulator,
RehaStim Pro™ (Hasomed GmbH, Germany) was
used. During the treatment, the patients sat on a chair
in front of the ergometer and their legs were stabilized
by two foot orthoses fixed to the pedals, so that the
trial was safe and comfortable. It was possible to con-
trol the ergometer through a serial link, by changing
the resistance and the speed or by directly setting the
motor voltage with pulsewidth modulation. Passive
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TABLE I.—Demographic and clinical details of the patients selec-
ted.

Sub Group Sex Age
Hemorragic/ Plegic Days

Ischemic side post
(HI) (L/R) ictus

1 C M 58 I L 50
2 C M 66 H L 26
3 C F 58 I R 32
4 C F 50 I R 68
5 C F 46 I R 70
6 C M 64 I L 18
7 C M 67 I L 42
8 C M 58 I L 37
9 C F 59 I L 68

10 C F 38 H R 97
11 F F 60 H R 45
12 F F 33 H R 54
13 F F 34 I L 96
14 F M 40 I L 51
15 F F 60 I R 64
16 F M 57 I R 46
17 F M 59 I R 22
18 F F 70 I R 76
19 F M 50 I R 78
20 F M 49 H L 29

Mean C 56 50.8
Std C 9.2 24.5
Mean F 51 56.1
Std F 12 22.8
#pnt C 5M; 5F 2 H;  8 I
#pnt F 5M; 5F 3 H;  7 I

For each subject the group, i.e., FES cycling (F) or control group (C), sex, age,
the ictus origin that could be hemorrhagic or ischemic (H/I), the affected
side (L/R) and the number of days between the ictus and the beginning of the
treatment (days post ictus) are reported.
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cycling was guaranteed by a motor mounted in the
ergometer and the speed was maintained at a constant
value of 40 rpm during all the trials. Patients were
explicitly required to not participate voluntary to the
movement to assure a repeatable, symmetrical and
smooth cycling. 

Statistical analysis 

To monitor the execution of the FES cycling treat-
ment the power output (PO), i.e. the product between
the torque and the speed, was considered. PO was cal-
culated over each semi-revolution, to evaluate sepa-
rately when the healthy leg and the paretic one were
pushing. Active PO per semi-revolution was derived
as the difference between the semi-revolution PO
during FES phases and the average semi-revolution PO
over the whole passive phases. Starting from the active
PO, we computed the minimum and maximum value

obtained in each half revolution per each minute of
cycling.

The rehabilitation of the two groups was compared
through the analysis of the clinical parameters (MI,
TCT, UMC) and of all the other tests. In the walking
test the speed of execution and number of steps were
compared. 

As for the sit to stand trial, the mean rising speed
was computed in the slow, self-selected and fast tri-
als. Then, the percentage ratio between the slow and
self-selected speed and the percentage ratio between
the fast and the self-selected speed were calculated.
It was assumed that the patient was able to perform
the motor task properly if the slow speed was less than
the 90% of the fast one and if the fast speed was
greater than the 110% of the self-selected one. 

Finally, to compare the MVC trials the difference
between the force produced in the post-treatment
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MVC test and the force produced in the pre-treatment
MVC test (∆ MVC) was also computed. 

After verifying with the Kolmogorov-Smirnov test
that the variables were not normally distributed, a
non parametric statistical analysis was carried out. In
particular, the U-Mann-Whitney test, called also
Wilcoxon Rank-Sum test, (P=0.05) was performed to
compare the first and last day of the FES cycling treat-
ment in terms of active PO produced in each semi-rev-
olution. 

Statistical analysis was then used to compare con-
trol and FES groups. Analysis was applied separately
to the pre- and post-treatment tests. U-Mann Whitney
test was carried out on all the discrete clinical index-
es, i.e. MI, UMC, TCT clinical scores obtained in the
pre- and post- treatment measures. The other para-
meters selected to compare the two groups of patients
were:

1. the percentage ratios of the rising speeds of the
sit to stand trials; 

2. the number of steps in the walking test;
3. the speed of execution in the walking test.
Comparisons were separately executed for pre and

post treatment sessions.
To all of them the U-Mann Whitney test was per-

formed, after verifying that their distributions were
not normal, according to the Kolmogorov Smirnov
test. The only parameter which, by definition, includ-

ed a comparison between the performance in the pre
and post sessions is the ∆MVC obtained as the dif-
ference of the force computed between the post and
pre treatment tests. Also ∆MVC was not normally dis-
tributed and U-Mann Whitney test was used to eval-
uate the differences between FES and control patients.

Results

In this study the results obtained by 20 patients (10
of FES group and 10 of control group) are reported.

FES cycling treatment

Figure 1 shows an example of the performance
obtained by one patient during the FES cycling tri-
als. In particular, the figure reports the median value
of the minimum and maximum active PO computed
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Figure 2.—Inter-subjective results obtained during the FES cycling
treatment. The median and quartiles of the minimum and maximum
active PO obtained in each semi-revolution are reported. The aster-
isks indicate when the results obtained in the first (black bars) and
last (white bars) day are significantly different.

TABLE II.—Results of the pre- and post-treatment clinical tests on
control and FES patients.

Sub Group
TCT MI UMC flex UMC ext

Pre Post Pre Post Pre Post Pre Post

1 C 49 49 24 29 0 0 0 1
2 C 49 61 15 64 0 3 0 2
3 C 49 87 33 65 1 1 1 2
4 C 49 87 10 53 0 0 0 0
5 C 100 100 70 76 2 3 1 2
6 C 24 74 0 38 0 1 0 1
7 C 24 74 0 38 0 1 0 1
8 C 49 87 15 29 0 1 0 1
9 C 49 61 58 58 2 2 1 2

10 C 1 74 0 43 0 1 0 1
11 F 12 49 29 39 0 1 0 1
12 F 12 100 0 76 0 3 0 3
13 F 61 100 38 45 1 2 1 1
14 F 61 61 29 48 2 2 2 2
15 F 24 61 38 64 0 2 0 2
16 F 61 61 19 38 0 1 0 1
17 F 37 100 29 48 0 1 0 1
18 F 49 74 48 59 0 0 0 0
19 F 49 53 29 61 0 2 0 1
20 F 36 100 15 50 0 1 0 1

Median C 49.0 74.0 15.0 48.0 0.0 1.0 0.0 1.0
25th C 30.3 64.3 2.5 38.0 0.0 1.0 0.0 1.0
75th C 49.0 87.0 30.8 62.5 0.8 1.8 0.8 2.0

Median F 43.0 67.5 29.0 49.0 0.0 1.5 0.0 1.0
25th F 27.0 61.0 21.5 45.8 0.0 1.0 0.0 1.0
75th F 58.0 100 35.8 60.5 0.0 2.0 0.0 1.8

Clinical outcome measures such as MI, UMC, TCT, are reported per each
patient before and after the treatment.
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in a semi-revolution in each minute of trial obtained
in the first day (Figure 1A) and in the last day of treat-
ment (Figure 1B).

As it is shown in Figure 1, in the first day of treatment
it is very difficult to distinguish the FES phase from the
passive one. Instead, in the last day there was a great
increase in the active PO reaching a maximum of 19W
when the healthy leg was pushing and a maximum of
17W when the impaired leg was pushing. 

Figure 2 shows the results of the U-Mann-Whitney
test performed on the minimum and maximum of the
active PO obtained in each half revolution for the
whole group.

The increase in the maximum and minimum active
PO obtained between the first and the last day was
always significant (P<0.05). 

Comparison between the control and the FES cycling
group

To verify whether the FES cycling was an efficient
rehabilitation method, the results of the pre- and post-
treatment tests performed on the two groups were
compared.

Table II reports the clinical scores obtained by each
patient of the two groups.

Controls and FES subjects were comparable with
respect to demographic and clinical data before treat-
ment (Table I,II). At the end of the rehabilitation the
two groups remained comparable in terms of MI UMC
and TCT. Indeed the U-Mann-Whitney test did not
show any significant difference between the control
and FES group both in the initial and final tests.

As it is shown in Table III, before the treatment 5
patients of the FES group and 8 of the control group
performed the sit to stand task while after the treat-
ment only 1 control patient did not recover the abil-
ity to carry out the movement. In the beginning 2

patients per each group performed the motor task
managing properly the operator request on the speed
of execution. It is noteworthy that after treatment 7 FES
patients recovered completely their motor control
while no one in the control group was able to perform
both the slow task with a rising speed lower than the
90% of the self-selected speed and the fast task with
a rising speed greater than the self-selected one. The
U-Mann-Whitney statistical test showed that in the
pre-treatment tests the two groups did not produce any
significant difference in the rising speeds. On the con-
trary, after treatment the two groups were signifi-
cantly different in the percentage ratio of the rising
speed computed between the slow and the self-select-
ed trial after treatment (P=0.02). The percentage ratio
computed between the fast and self-selected speed did
not show any significant difference between the two
groups because the number of control patients with
an acceptable ratio (>110%) was very small and two
of them produced a percentage ratio greater than
400%

Figure 3 shows the statistical results obtained ana-
lyzing the ∆ MVC produced by the paretic and healthy
leg.

For both the legs the FES group showed a signifi-
cantly greater median value of ∆MVC with respect to
the control group (P<0.05 for the ∆MVC produced
by both the paretic and healthy leg).

Considering the walking test, at the beginning only
two patients of both the groups were able to perform
the trial for a distance of 50 m (Table IV). On the con-
trary, at the end of treatment all FES patients reached
the indoor movement ability while the 20% of the
control patients remained still unable to walk for 50
m. The U-Mann-Whitney test did not show a signifi-
cant difference between the number of steps and the
walking speed obtained by the two groups.
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TABLE III.—Comparison of the two groups in terms of the sit to stand trials.

# # pnt # pnt # pnt Speed slow/speed self-selected Speed fast/speed self-selected
pnt slow fast speed

done ok ok ok Median 25th 75th P Median 25th 75th P
perc perc value perc perc value

F pre 5 3 4 2 80.4 68.9 115.2 >0.05 222.0 128.4 225.6 >0.05
C pre 8 5 4 2 80.3 37.2 130.4 92.9 63.8 149.2
F post 10 9 8 7 53.2 44.4 78.8 0.02* 148.9 114.5 173.2 >0.05
C post 9 3 4 0 119.7 73.0 174.2 104.5 74.3 324.8

Comparison of the two groups in terms of the results of the sit to stand trials. *The U-Mann-Whitney test showed a significant difference between the per-
centage ratio obtained by the two groups (P=0.05).
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Discussion

In this study an FES cycling protocol was defined
and used as a rehabilitation treatment to use on indi-
viduals with stroke in addition to the SR. 

This exercise, already studied and used in individ-
uals with spinal cord injury,19-21 provides a large num-
ber of therapeutic and medical benefits:22-25 increase
in strength, endurance and mass of paralyzed mus-
cles,26 improvement of cardiopulmonary fitness,27-29

raise of the lower limb circulation,29 decrease in the
loss of bone mineral 30 and increase in the range of
joint motion.23 The possibility of using a rhythmic,
cycling and bilateral movement such as cycling
induced by symmetrical stimulation pattern delivered

in both legs seems to be a good rehabilitative method
for post-acute stroke patients. These patients, having
an unilateral motor impairment, need to be re-edu-
cated to the correct use of both the lower limbs togeth-
er in order to recover the motor control symmetry in
more complex and demanding tasks, such as walking.

The results obtained during the FES cycling treat-
ment showed a significant increase in the active PO
produced. The increase of the maximum value of
active PO, noticeable in Figure 1, implies that there
was an increase in the strength of the muscles involved
in pedaling. In the last day the active PO produced in
the stimulation phases was always grater than 0. This
means that the patient had completely learnt to let
the stimulation mastering his cycling without con-
trasting it, differently from the first day. This improve-
ment implies that the patient learned the neuro-motor
control mechanisms of FES cycling properly. In the last
day the value of the white and black bars in each
minute of trial were quite similar; this could imply
that the patient was performing a symmetrical task.
The treatment effect resulted repeatable in all the FES
group, indeed, the active PO produced the last day
was significantly greater than the one produced in
the first day (P<0.05).

The comparison of the two groups showed that
the FES group produced a significantly higher increase
of the muscular strength (Figure 3, P<0.05): the
patients of the FES group generated a ∆ MVC force that
was 10 times greater than the one obtained by patients
of the control group. Therefore, this benefit of FES
cycling, already demonstrated for spinal cord
patients,26 is still valid for stroke patients. 

The FES cycling treatment had a strong impact on
the motor recovery; indeed all the patients of the FES
group recovered the ability to perform the sit to stand
trial and in particular to discriminate between differ-
ent speed of execution of the task. All the patients of
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TABLE IV.—Results of the walking test of 50 m on the two groups.

# pnt # steps Speed (m/s)

done Median 25th perc 75th perc P value Median 25th perc 75th perc P value

C pre 2 84 55 57 >0.05 0.403 0.402 0.405 >0.05
F pre 2 56 74 94 0.295 0.252 0.337
C post 10 76 65.5 88.8 >0.05 0.357 0.213 0.588 >0.05
F post 8 79 72.5 89.5 0.305 0.254 0.330

The results of the walking tests obtained by the two groups in terms of number of steps and speed of execution are reported. 
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the control group instead remained still unable to do
it after 4 weeks of SR. The statistical comparison
between the two groups demonstrated that the per-
centage ratio between the slow and the self-selected
rising speed obtained for the FES patients was signif-
icantly better than the one obtained by the control
group (P=0.02). 

These are only the results obtained comparing 20
subjects well matched in age and time elapsed from
the ictus. It will be necessary to enlarge the number
of patients in the two groups in order to let these pre-
liminary results become general findings on the effi-
cacy of the FES cycling treatment. 

It will be interesting to analyse the long term effect
of the FES cycling treatment. This could be carried
out repeating the pre- and post- treatment tests also
6 months after the end of the rehabilitation of all the
patients.

In this study, during the treatment the symmetry
of the cycling movement was taken for granted by
giving a stimulation strategy which was exactly the
same for both the legs (there was only an angular
shift of 180° between the muscular stimulation ranges
of the two legs) and the patient was asked not to vol-
untary contribute to the motor task. But, if the two legs
were acting differently because of a different reac-
tion to the stimulation parameters or a diverse effect
of fatigue in the two sides, there was not the possibility
to adjust the stimulation parameters in order to com-
pensate the problem and to improve symmetry. A
possible advance, already ongoing in our laboratory,
would be the design of an automatic controller able
to assure symmetry analysing proper signals coming
from both the pedals independently.

Conclusions

A further development would be the analysis of
the reorganization of the cerebral cortex considering
both the medium and long term recovery will be very
useful to understand the real benefits of the treat-
ment.

References

1. Greenberg DA, Aminoff MJ, Simon RP. Neurologia clinica. LANGE
Medical Books. 5th edition. Milano: McGraw-Hill; 2004.

2. Francescutti C, Mariotti S, Simon G, D’Errigo P, Di Bidino R. The
impact of stroke in Italy: first step for a national burden of disease
study. Disabil Rehabil 2005;27:229-40.

3. Nelles G, Spiekermann G, Jueptner M, Leonhardt G, Müller S,
Gerhard H et al. Reorganization of sensory and motor system in
hemiplegic stroke patients: a positron emission tomography study.
Stroke 1999;30:1510-6. 

4. Cao Y, D’Olhaberriague L, Vikingstad EM, Levine SR, Welch
KM. Pilot study of functional MRI to assess cerebral activation of
motor function after post-stoke hemiparesis. Stroke 1998;29:112-
22.

5. Jones EG. Cortical and subcortical contributions to activity-depen-
dent plasticity in primate somatosensory cortex. Annu Rev Neurosci
2000;23:1-37.

6. Sheffler LR, Chae J. Neuromuscular Electrical Stimulation in neu-
rorehabilitation. Muscle Nerve 2007;35:562-90.

7. Bogataj U, Gros N, Kljajic M, Acimovic R, Malezic M. The reha-
bilitation of gait patients with hemiplegia: a comparison between
conventional therapy and multichannel functional electrical stim-
ulation therapy. Phys Ther 1995;75:490-502.

8. Yan T, Hui-Chan CWY, Li LSW. Functional electrical stimulation
improves motor recovery of the lower extremity and walking abil-
ity of subjects with first acute stroke. Stroke 2005;36:80-5.

9. Petrofsky JS, Heaton H, Phillips CA. Outdoor bicycle for exercise
in paraplegics and quadriplegics. J Biomed Eng 1983;5:292-6.

10. Weingarden H., Ring H. Functional electrical stimulation-induced
neural changes and recovery after stroke. Eur J Phys Rehabil Med
2006;42:87-90.

11. Giuliani C, Harro C, Rosecrance J. The effects of bicycle pedalling
on the temporal-distace and emg characteristics of walking in
hemiplegic subjects. PhysTher 1989;69:367-71.

12. Potempa K, Lopez M, Braun LT, Szidon JP, Fogg L, Tincknell T.
Physiological outcomes of aerobic exercise training in hemiparetic
stroke patients. Stroke 1995;26:101-5.

13. Mauritz KH, Gait training in hemiparetic stroke patients. Eur J
Phys Rehabil Med 2004;40:165-78.

14. Collin C, Wade D. Assessing motor impairment after stroke: a
pilot reliability study. J Neurol Neurosurg Psychiatry 1990;53:576-
9.

15. Franchignoni F, Tesio L, Benevolo E, Ottonello M. Psychometric
properties of the Rivermead Mobility Index in Italian stroke reha-
bilitation inpatients. Clin Rehabil 2003;17:273-82.

16. J Perry, M Garrett, JK Gronley, SJ Mulroy. Classification of walk-
ing handicap in the stroke population. Stroke 1995;26:982-9. 

17. Ferrante S, Pedrocchi A, Ferrigno G, Molteni F. FES cycling treat-
ment on hemiplegic patients: preliminary results. Proceedings of
the 11th IFESS Conference, Miyagi-Zao, Japan, 2006:77-9.

18. Ferrante S. Neuroprostheses for the rehabilitation of neurological
patients: from control strategies design to clinical applications.
PhD Dissertation, Bioengineering Department, Politecnico di
Milano, Milano 2002-2006.

19. Hunt K, Stone B, Negård N, Schauer T, Fraser MH, Cathcart AJ et
al. Control strategies for integration of electric motor assist and func-
tional electrical stimulation in paraplegic cycling: utility for exer-
cise testing and mobile cycling. IEEE Trans Neural Syst Rehab
Eng 2004;12:88-101.

20. Newham DJ, Donaldson N de N. FES cycling. Acta Neurochir
Suppl 2007;97:395-402.

21. Petrofsky JS. Electrical stimulation: neurophysiological basis and
application. Basic Appl Myol 2004:14:205-13.

22. Janssen TWJ, Glaser RM, Shuster DB. Clinical efficacy of electrical
stimulation exercise training: effects on health, fitness, and func-
tion. In: Figoni S, (issue editor), Apple D, editor. Topics in
spinal cord injury rehabilitation. An Aspen Publication 1998;3:33-
49.

23. Donaldson N, Perkins T, Fitzwater R, Wood DE, Middleton F. FES
Cycling May Promote Recovery of Leg Function After Incomplete
Spinal Cord Injury. Spinal Cord 2000;38:680-2.

24. Petrofsky JS, Phillips CA, Heaton HH, Glaser RM. Bicycle ergome-
ter for paralyzed muscle. J Clin Eng 1984;9:13-9.

25. Mohr T, Andersen JL, Biering-Sorensen F, Galbo H, Bangsbo J,
Wagner A et al. Long-term adaptation to electrically induced cycle

166 EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE June 2008



MIN
ERVA M

EDIC
A

COPYRIG
HT®

CYCLING INDUCED BY FUNCTIONAL ELECTRICAL STIMULATION IMPROVES THE MUSCULAR STRENGTH FERRANTE

training in severe spinal cord injured individuals. Spinal Cord
1997;35:1-16.

26. Petrofsky JS, Glaser MR, Phillips CA, Gruner J. The effect of the elec-
trical induced bicycle ergometer on blood pressure and heart rate.
The Physiologist 1982;25:253. 

27. Raymond J, Davis M. Cardiovascular responses during submaxi-
mal electrical stimulation induced leg cycling in individuals with
paraplegia. Clin Physiol and Fun Im 2002;22:92-8.

28. Faghri PD, Glaser RM, Figoni SF. FES leg cycle ergometer exercise:
training effects on cardiorespiratory responses of spinal cord

injured subjects at rest and during submaximal exercise. Arch
Phys Med Rehabil 1992;73:1085-93.

29. Gerrits HL, de Haan A, Sargeant AJ, van Langen H, Hopman MT.
Peripheral vascular changes after electrically stimulated cycle train-
ing in people with spinal cord injury. Arch Phys Med Rehabil
2001;82:832-9. 

30. Mohr T, Pødenphant J, Biering-Sørensen F, Galbo H, Thamsborg
G, Kjær M. Increased bone mineral density after prolonged elec-
trically induced cycle training of paralyzed limbs in spinal cord
injured man. Calc Tissue Int 1997;61:22-5. 

Vol. 44 - No. 2 EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 167


