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Abstract—Electrical stimulation-induced leg cycling (ES-LC)
is beneficial for individuals with spinal cord injury (SCI), but
cycling performance is often limited because of rapid fatigue
of the stimulated muscles. This study evaluated whether a
stimulation pattern with a catchlike-inducing pulse train
increased force production and hence cycling performance.
Five men with SCI performed ES-LC using different stimula-
tion patterns: (1) the standard pattern with ramp modulation,
(2) a pattern with no ramp modulation, (3) a pattern with no
ramp modulation but with an initial doublet, and (4) a pattern
with a middle doublet. None of the experimental patterns
resulted in significantly improved cycling performance com-
pared with the standard pattern. However, during the first
3 min of cycling, the current amplitude was significantly
higher with the standard stimulation, suggesting that stimula-
tion with no ramp modulation produces more force at the same
submaximal current amplitude. The results do not indicate that
stimulation with catchlike-inducing trains with the current
parameter settings improves ES-LC performance.

Key words: catchlike property, electrical stimulation, exercise,
fatigue, paraplegia, spinal cord injury, tetraplegia.

INTRODUCTION

A spinal cord injury (SCI) leads to loss of motor, sen-
sory, and autonomic functions in those parts of the body

innervated by neural pathways below the level of the
lesion. The lower-limb paralysis following SCI leads to a
number of adaptations in the musculoskeletal system [1–
2], as well as in blood circulation [3] and physical capac-
ity [4]. The problems that arise from the injury may be
counteracted by exercise (or training) of the muscles of
the paralyzed lower limbs. Electrical stimulation-induced
leg cycling (ES-LC) can induce exercise of these muscles.
ES-LC has been shown to increase muscle mass and to
activate the muscle pump, which enhances blood circula-
tion during cycling. If the amount of activated muscle
mass is sufficient, an increased level of cardiovascular fit-
ness may even result (for a review, see Janssen et al [5]).

Abbreviations: ES-LC = electrical stimulation-induced leg
cycling, ID = initial doublet, NR = no ramp (modulation), R =
ramp (modulation), SCI = spinal cord injury.
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One of the major problems with applying ES-LC is a
rapid onset of fatigue in the paralyzed muscles. Muscle
fatigue is a transient decrease in the force-generating abil-
ity of a muscle as a result of recent activation [6–7]. A cur-
rent method used to compensate for this fatigue during
ES-LC is increasing the current amplitude, which results
in the recruitment of additional nonfatigued muscle fibers.
However, the amplitude cannot be increased indefinitely.
Hence, a maximum in the compensation for fatigue exists,
after which power output will decrease. The duration that
a subject with SCI is able to cycle at a constant power
output depends, therefore, on the duration that current
amplitude is submaximal. If increasing the duration of
submaximal stimulation were possible, cycling perfor-
mance could be increased, potentially resulting in a greater
training effect and hence greater muscular adaptations.

The duration of submaximal stimulation might be
increased if one augments the force produced at a given
current amplitude, enabling compensation for a greater
amount of fatigue at the previously set maximal current
amplitude. Force production might be augmented if one
changes the stimulation pattern applied to the muscles.
The stimulation pattern currently applied with ES-LC is a
constant-frequency pulse train. Others have reported that
in humans, catchlike-inducing pulse trains can generate
higher forces and performance compared to constant-
frequency stimulation [8–14]. Catchlike-inducing trains
begin with two to four closely spaced pulses followed by a
constant-frequency train of pulses. Furthermore, one study
showed that doublets (two fast initial pulses) resulted in a
higher isometric force per pulse compared to single pulses
in both individuals with SCI and able-bodied individuals
[14]. On the other hand, Bickel et al. found that a doublet
given to the quadriceps muscle had more effect (enhanced
isometric torque-time integral) in able-bodied individuals
than in individuals with SCI [13]. The augmentation in
force and performance generated by these catchlike-
inducing trains has been shown to be most prominent in
fatigued muscle [9]. Because muscle fatigue is a frequent
feature in ES-LC, catchlike-inducing trains may be espe-
cially effective in augmenting force and performance dur-
ing ES-LC compared to stimulation with a constant
frequency. However, until now, no study has investigated
the effects of catchlike-inducing trains during ES-LC.
Therefore, the first purpose of this study was to evaluate if
stimulation with a catchlike-inducing train at the begin-
ning of the pulse train can improve cycling performance
compared to stimulation with a constant frequency.

Force augmentation induced by catchlike-inducing
trains appears to depend on the type of contraction.
Although catchlike-inducing trains can be effective in
augmenting force of the human quadriceps muscle during
both isotonic [8–9] and isovelocity contractions [10], the
extent of force augmentation is reported to be less during
isovelocity movements than during isometric contrac-
tions in cat soleus muscle and human quadriceps muscle
[10,15].

Both the number of closely spaced pulses at the
beginning of a catchlike-inducing train and the interpulse
interval can influence the induced force augmentation.
For the human quadriceps muscle, a doublet with an
interpulse interval of 5 ms has been shown to produce the
highest force per pulse during isometric contractions [14],
as well as for isovelocity [10] and isotonic contractions
[8]. The present study, therefore, examines a catchlike-
inducing train with two closely spaced pulses (doublet)
with an interpulse interval of approximately 5 ms.

In the stimulation protocol currently applied with ES-
LC, ramp modulation is applied at the beginning and end
of each train of pulses. With ramp modulation, the cur-
rent amplitude gradually increases at the beginning of a
train of pulses and gradually decreases at the end of the
train. This increase allows for a gradual recruitment of
motor nerve fibers, resulting in a gradual increase in mus-
cle force output and a more comfortable contraction.
Applying ramp modulation at the onset of catchlike-
inducing trains might, however, diminish the effect of the
doublet because it would have very low amplitude.

Therefore, the second purpose of this study was to
examine whether stimulation without ramp modulation
induces changes in cycling performance compared to stim-
ulation with ramp modulation. The third purpose was to
evaluate if stimulation with ramp modulation and a doublet
placed after the ramp can improve cycling performance.

 METHODS

Subjects
After giving written informed consent, five men with

complete SCI participated in this study, approved by the
institutional ethical committee. All subjects were experi-
enced in ES-LC exercise, because they had participated in
previous experiments and had already reached a plateau
level in performance at the onset of the present experi-
ments. Table 1 shows relevant subject characteristics.
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Not all subjects participated in both experiments of this
study: subjects 1 to 4 participated in experiment 1 (com-
parison of standard stimulation pattern vs. pattern with an
initial doublet) and subjects 2 to 5 participated in experi-
ment 2 (comparison of standard stimulation pattern vs.
pattern with a middle doublet).

Electrical Stimulation-Induced Leg Cycling
Cycling was performed on a computer-controlled leg

cycle ergometer (ERGYS 2, Therapeutic Alliances, Inc.,
Dayton, Ohio, USA). Electrical stimulation is used to
induce contractions of the paralyzed leg muscles to pro-
duce a cycling movement on the ergometer. Twelve self-
adhesive electrodes were placed over the quadriceps, ham-
strings, and gluteal muscle groups. To ensure that the elec-
trodes were placed at the same location during each
session, we determined the electrode position using ana-
tomical landmarks and birthmarks. The computer of the
cycle ergometer receives feedback from sensors about
pedal position and velocity to control the cyclic stimula-
tion pattern and current amplitude. As muscle fatigue
progresses during the test, current amplitude automatically
increases to a maximum of 140 mA to recruit extra nonfa-
tigued muscle fibers in an attempt to maintain the target
velocity. When maximal current is reached and additional
muscle fiber recruitment is no longer possible, pedaling
rate declines. When pedaling rate falls below 35 rpm, the

test is terminated. Stimulation parameters were biphasic
rectangular waveform, pulse duration of  and a
frequency of 30 Hz.

With the standard software of the ERGYS, each
pulse train consists of a period with increasing current
amplitude (ramp up), a period with constant amplitude,
and a period with decreasing amplitude (ramp down).
During ramp up and down, the amplitude increases or
decreases in a straight line. For each muscle the ramp up
and down is realized within 21° of the crank angle, but
the period of constant current amplitude is different for
each muscle (Table 2).

A computer connected to the ERGYS sampled (60 Hz)
current amplitude, crank position, and resistance. With the
aid of custom-written MATLAB software, we calculated
crank velocity, current amplitude, and power output.
Before the beginning of the experiment, the software of the
ERGYS was adapted to allow the ramp modulation to be
turned off and a doublet to be applied either at the begin-
ning of the train of pulses or after the ramp up.

Protocol

General
To allow comparison of cycling performance among

the different stimulation patterns, we performed ES-LC
endurance tests at a constant target velocity and resis-
tance. Exercise time was limited to a maximum of 30 min.
Before the actual experiments, we performed a number of
test sessions to find an individual resistance level at which
the muscles of the subject fatigued within 30 min. This
resistance level was subsequently applied during the
experimental sessions.

For both experiments performed in this study, each ses-
sion began with 5 min of ES-LC at a velocity of 49 rpm and
submaximal resistance. A 2 min cooldown and a 3 min rest
period followed the warm-up. Subsequently, the subjects
started ES-LC at an average velocity of 49 rpm (Figure 1).
No external resistance was present during the first minute
of the session. During the second minute, the resistance

Table 1.
Subject characteristics.

Subject Age
(yr)

Lesion
Level

Body Mass
(kg)

Time Since
Injury (mo)

1 34 T4 60 33
2 27 T5–6 67 134
3 64 T8 81 48
4 18 T11 70 8
5 16 C5–6 71 14

Mean ± SD 32 ± 19 — 69 ± 2 47 ± 51
SD = standard deviation

450 µs,

Table 2.
Stimulation characteristics for each muscle group.

Muscle Duration of Pulse 
Train (ms) Firing Angle (°) Ramp Up (°) Constant Amplitude 

(°) Ramp Down (°)

Gluteus 231 4–72 21 27 21
Hamstrings 201 111–170 21 18 21
Quadriceps 255 308–323 21 35 21
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was gradually increased, such that the predetermined level
was reached at the end of the second minute, after which
the resistance remained constant. For each subject, the
resistance level was kept the same for each session. During
the test, when the maximal current amplitude of 140 mA
was reached, cycling velocity started to decline. The ses-
sion was automatically stopped when cycling velocity
dropped below 35 rpm (Figure 1).

Experiment 1
In the first experiment, three stimulation patterns

were compared. The first was the standard constant-
frequency (30 Hz) stimulation pattern with ramp modula-
tion (R). The second pattern was similar to the first but
with no ramp modulation (NR), and the third pattern was
a pattern with no ramp modulation, but with an initial
doublet (ID) at the beginning of the train with an inter-
pulse interval of 5.56 ms. The number of pulses delivered
to the muscles varied among these stimulation patterns.
At the target velocity of 49 rpm, the stimulation patterns
without the doublet delivered seven pulses to the gluteus,
six to the hamstrings, and eight to the quadriceps, while
pattern ID delivered one pulse more to each muscle

group. The number of pulses during ramp up (n = 2) and
down (n = 2) was the same for each muscle, while the
number of pulses at constant amplitude stimulation dur-
ing the standard pattern was two for the hamstrings, three
for the gluteal, and four for the quadriceps muscle
groups. Each subject performed six cycling sessions;
each pattern was used twice, with at least 48 h in
between, while the testing order was counterbalanced.

Experiment 2
In the second experiment, the standard stimulation

pattern (R) was compared with a similar pattern, with the
only difference being a middle doublet after the end of
the ramp up, hence at the start of the constant-amplitude
range (MD). The interpulse interval of the doublet was
5.56 ms. Consequently, the pattern with the doublet (MD)
had one pulse more than with the standard pattern (R).
Each subject performed four cycling sessions; each pat-
tern was used twice, with at least 48 h in between, while
the testing order was counterbalanced.

Cycling Performance
Figure 1 shows an example of velocity and current

amplitude data collected during a cycling session of one
subject. It also indicates how cycling performance was
determined. Cycling performance was defined in three
ways: (1) the total work performed during a session
(Wtot), (2) the work performed from the beginning of a
session until the current amplitude became maximal (W1)
with the subjects cycling at the target velocity (on aver-
age) (Figure 2), and (3) the work performed while current
amplitude was maximal and cycling velocity declined to
45 rpm (W2). The reason for calculating W2 until 45 rpm
instead of 35 rpm was that responses after 45 rpm varied
substantially. Some subjects could cycle for extended
periods just above 35 rpm, whereas for others, the veloc-
ity dropped below 35 rpm immediately. Hence, calculat-
ing until 45 rpm gave more consistent and valid results.

Submaximal Current Amplitude
To evaluate the effect of the different stimulation pat-

terns on the amount of stimulation needed at a given
workload, we averaged the recorded current amplitude
for the first, second, and third minutes. Because the sub-
ject takes approximately 15 s to cycle completely without
assistance, the average for the first minute was calculated
from 30 to 60 s.

Figure 1.
Example of velocity and current amplitude data collected during
cycling session of one subject. Determination of three cycling
performance parameters is also illustrated: (1) total work performed
during session (Wtot), (2) work performed from beginning of session
until current amplitude became maximal (W1) with subjects cycling at
target velocity (on average), and (3) work performed while current
amplitude was maximal and cycling velocity declined to 45 rpm (W2).
NO = no resistance, IR = increasing resistance, and CR = constant
resistance.



791

JANSSEN et al. Stimulation patterns and cycling in SCI
Data Analysis
The values for the stimulation patterns NR and ID

were expressed relative to the values for the standard pat-
tern R (set at 100%). A one-way analysis of variance with
repeated measures detected significant differences in
cycling performance among the different stimulation pat-
terns. When significant differences were detected, a Stu-
dent’s paired t-test revealed which stimulation patterns
led to these significant differences. Levels of significance
were set at p < 0.05.

RESULTS

Figure 2 shows an example of current amplitude data
from one subject for the three different stimulation pat-
terns used twice in experiment 1. Because there was sub-
stantial variability in the responses for each pattern used,
the cycling performance and current amplitude values for
the two tests for each stimulation pattern were averaged
and used for further data analysis.

Experiment 1
The different stimulation patterns did not result in

significant differences in Wtot (Table 3, p = 0.324) or W1
(p = 0.695). A trend emerged only for a lower Wtot and
W1 in ID compared with NR (p = 0.061 and p = 0.077,
respectively). Only one subject performed better with NR
and ID, which was especially because of the higher W1.
In contrast, W2 was significantly different among the
three patterns (Table 3, p = 0.006), with R resulting in
significantly higher W2 values than NR (p = 0.048) and
ID (p = 0.020).

The different stimulation patterns resulted in signifi-
cant (p = 0.000) differences in the current amplitude dur-
ing the first 3 min (Figure 3). The current was
significantly higher in R than in NR (p = 0.003) and in ID
(p = 0.005). The latter two patterns were not significantly
different.

Experiment 2
The pattern with the doublet included after the ramp

(MD) did not result in a significantly different Wtot (p =
0.217), W1 (p = 0.472), or W2 (p = 0.348) compared with
pattern R (Table 3).

DISCUSSION

With the present experiments, given the large varia-
tions in responses and the small number of subjects, we
are not able to exclude an effect of doublets. However, in
contrast to our expectations, none of the experimental
stimulation patterns resulted in a significantly improved
cycling performance compared with the previously used
standard stimulation pattern that uses ramp modulation.
The only advantageous effect was observed in the first
experiment: we demonstrated that during the first 3 min of
cycling, the current amplitude was significantly higher
with ramp modulation than without (Figure 3), suggesting

Figure 2.
Example of current amplitude data from one subject for three different
stimulation patterns used twice in experiment 1, standard with ramp (R),
with no ramp (NR), and with initial doublet (ID): (a) data from all six
sessions with current increasing to maximal amplitude and (b) part of
same graph (from 100 s to 400 s), but for only two sessions, R and ID.
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that stimulation without ramp modulation, either with or
without a doublet, produces more force at the same sub-
maximal current amplitude.

This difference in force production was probably due
to a difference in muscle fiber recruitment. During stimu-
lation without ramp modulation, all muscle fibers that
could be recruited at the given highest current amplitude
within the pulse train were recruited directly at the begin-
ning of each pulse train, whereas with ramp modulation,
the muscle fibers were recruited more gradually. Thus,
a longer maximal force production resulted when ramp
modulation was not applied. Despite this increased force
production, stimulation without ramp modulation did not
increase the work performed before reaching maximal
stimulation, indicating that this force augmentation was
not maintained. This might be due to a difference in resis-
tance level, for the resistance level was lower during the
first and second minutes of the session compared to the
rest of the session. It could be that stimulation without
ramp modulation only resulted in an augmentation of
force when the subjects cycled at a low resistance level.
When the resistance level increased, fatigue developed

Table 3.
Cycling performance for each experimental stimulation pattern, expressed as percentage of standard pattern.

Variable Subject
Stimulation Pattern

NR ID MD
Wtot (% of R) 1 72 52 —

2 48 44 112
3 89 75 96
4 152 120 52
5 — — 57

Mean ± SD 90 ± 44 73 ± 34 80 ± 29
W1 (% of R) 1 112 89 —

2 77 68 113
3 78 75 137
4 172 154 53
5 — — 74

Mean ± SD 110 ± 45 96 ± 39 94 ± 37
W2 (% of R) 1 54 42 —

2 25 26 97
3 16 18 225
4 90 76 16
5 — — 48

Mean ± SD 46 ± 33 40 ± 26 96 ± 92
Wtot = total work
W1 = work until 100 percent stimulation
W2 = work after reaching 100 percent stimulation until 45 rpm
R = standard pattern

SD = standard deviation
NR = no ramp modulation
ID = initial doublet at beginning of train with an interpulse interval of 5.56 ms; no ramp modulation
MD = middle doublet after end of ramp up, hence at start of constant-amplitude range

Figure 3.
Current amplitude during first 3 min of electrical stimulation-induced
leg cycling with use of three different stimulation patterns in
experiment 1: standard ramp (R), with no ramp (NR), and with initial
doublet (ID). R is significantly higher than NR and ID.
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more rapidly during stimulation without ramp modulation
than during stimulation with ramp modulation. This rate of
fatigue development increased probably because the maxi-
mum number of muscle fibers was recruited for a longer
duration during stimulation without ramp modulation.

The observed trend of lower W1 during stimulation
with a doublet (ID) compared to stimulation without a
doublet (NR) (Table 3) suggests that the doublet increased
the rate of fatigue development, possibly due to the extra
pulse delivered to the muscles. For constant-frequency
trains, the number of pulses has been shown to influence
the rate at which fatigue develops, with more pulses result-
ing in more fatigue [16]. The greater number of pulses
(1 more than the 6–8 in the standard pattern, an increase of
13%–17%) with the doublet may therefore have resulted
in greater fatigue. A second factor that may have influ-
enced faster fatigue development was the doublet itself. A
study by Binder-Macleod et al. indicated that although
stimulation with a catchlike-inducing train produced more
force in fatigued muscles, it also produced greater fatigue
than comparable constant-frequency trains [12]. This find-
ing was true despite the use of the same number of pulses,
average frequency, and train duration as with the constant-
frequency train. The authors suggested that this variation
in fatigability might be due to differences in the force-time
integral of the responses to the trains. The higher fre-
quency of the doublet also gives an augmented calcium
([Ca]2+) release that is more than the summation of two
pulses at a lower frequency [17–18]. This larger amount of
[Ca]2+ influences the cross-bridge formation and increases
the phosphorylation of the myosin light chain. As a result,
the number of cross-bridges in the force-generating state
increases and/or the force-generating state of each cross-
bridge is prolonged, which could have improved perfor-
mance. On the other hand, this augmented [Ca]2+ release
leads to more free [Ca]2+ that needs to be actively reaccu-
mulated by the sarcoplasmic reticulum [Ca]2+-ATP-ase,
therewith increasing the energy cost and hence potentially
leading to earlier fatigue with the use of a doublet in fresh
muscles [17–18].

Stimulation with an ID resulted in lower current
amplitude compared to the standard stimulation with
ramp modulation (R) (Figure 3). However, no differ-
ences between ID and NR were found (Figure 3), sug-
gesting that an initial doublet did not result in an
additional force augmentation that could be used for pro-
pulsion. Until now, no study had examined the effects of

catchlike-inducing trains during ES-LC. Studies, how-
ever, have demonstrated that catchlike-inducing trains
can be effective in augmenting force in the fatigued quad-
riceps muscles during dynamic [8–10] and isometric [14]
contractions in individuals with SCI. These data indicate
that catchlike-inducing trains might have been effective
in augmenting force in the quadriceps femoris muscles
during ES-LC in the present experiments. The doublet in
our first experiment could indeed have resulted in an aug-
mentation of force. However, the doublet was possibly
not delivered at the right moment of the cycle to exert a
positive contribution to the cycling performance. During
ES-LC, each muscle is stimulated during a preset angle
range in the cycle. Previous studies have shown that the
extra force produced by a doublet results from an increase
in the rate of rise of force at the beginning of the stimula-
tion [11]. Since no ramp modulation was applied during
stimulation (in both NR and ID) the muscles probably
produced force earlier during the cycle than with ramp
modulation. As a result, the legs might not have been in
the right position to exert the force effectively (tangential
to the crank) and use the extra force for propulsion.

Since in experiment 2 the doublet was placed after
the ramp up, we hypothesized that the increased force
production just mentioned would occur at a better time,
which would result in improved cycle performance.
However, the stimulation pattern with this middle dou-
blet (MD) did not prove significantly better than the stan-
dard pattern; not before reaching maximal current
amplitude (W1) or after reaching maximal stimulation
(W2) (Table 3). Still, the possibility exists that the dou-
blet still appears too early in the pulse train, because a
doublet usually induces a faster contraction. Placing the
doublet even later during the pulse train might result in
better timing for force enhancement during the cycling
movement.

The strategy we used in this study to attempt to
increase cycling performance was by augmenting force
production with the aid of catchlike-inducing trains.
There might, however, be another strategy by which
catchlike-inducing trains could be effective in increasing
cycling performance. Research has demonstrated that the
stimulation frequency at which catchlike-inducing trains
produce maximal performance is lower compared to the
frequency at which constant frequency trains produce
maximal performance [9]. Thus, catchlike-inducing
trains may be able to produce the same amount of force at
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a lower frequency. Lower stimulation frequencies have
been associated with less fatigue [19]. If the rate at which
fatigue develops during ES-LC is reduced, the subjects
will be able to cycle longer and cycling performance will
be improved. A study by Bigland-Ritchie et al. did
indeed show that stimulation with catchlike-inducing
trains provides a strategy to reduce fatigue [20]. The
authors showed that when the initial force time integrals
of a catchlike-inducing train and a constant-frequency
train were matched, the stimulation frequency of the
catchlike-inducing train was lower and less fatigue
occurred compared to the constant-frequency train. Thus,
an alternative strategy to improve cycling performance
during ES-LC may be by using catchlike trains with
lower stimulation frequencies, leading to similar force
production as in the constant frequency trains.

One reason for finding a reduced cycling perfor-
mance in ID may be the induction of more fatigue by the
use of the doublet on fresh muscles. In fatigued muscles,
the doublet may have a more positive effect [9]. It might,
therefore, be better to start with a normal stimulation pat-
tern and to include a doublet after maximal current
amplitude is reached. Since [Ca]2+ release is reduced in
the fatigued muscle [21], the doublet may produce more
free [Ca]2+ and be more effective in improving cycle per-
formance. Kudina and Alexeeva found, in human motor
neurons during weak voluntary contractions, cases in
which a doublet was followed by a lower stimulation fre-
quency, which allowed the muscle more time to reuptake
the free [Ca]2+, reduce the residual free [Ca]2+, and
restore the extra adenosine tri-phosphate used for the
reuptake of [Ca]2+ [22].

CONCLUSION

The results from this study do not indicate that stimu-
lation with catchlike-inducing trains with the current
parameter settings can improve ES-LC performance.
However, the combination of the large variability among
subjects with the relatively low number of subjects and the
positive finding that a lower current amplitude was
required during the first few minutes of exercise suggest
that further research may be more successful in finding
stimulation patterns that can improve cycling performance.
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