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Altered contractile properties of the quadriceps muscle in people with
spinal cord injury following functional electrical stimulated cycle training

HL Gerrits*,1,2, A de Haan1,3, AJ Sargeant1,3, A Dallmeijer1 and MTE Hopman2

1Institute for Fundamental and Clinical Human Movement Sciences, Vrije University Amsterdam, Amsterdam, The
Netherlands; 2Institute for Fundamental and Clinical Human Movement Sciences, University of Nijmegen, Nijmegen,
The Netherlands; 3Neuromuscular Biology Group, Manchester Metropolitan University, Alsager, UK

Study design: A longitudinal training study.
Objectives: To assess if contractile speed and fatigability of paralysed quadriceps muscles in
individuals with spinal cord injury (SCI) can be altered by functional electrical stimulation leg
cycle ergometry (FES-LCE) training.
Settings: The Sint Maartenskliniek rehabilitation centre and the University of Nijmegen,
Nijmegen, the Netherlands.
Methods: Contractile properties of the quadriceps muscle were studied in seven people with
motor-complete SCI who participated in a FES-LCE training program. Subjects trained for
30 min, three times per week for 6 weeks. Contractile speed and fatigue characteristics of
electrically stimulated isometric contractions were compared before and after 6 weeks of FES-
LCE.
Results: Fatigue resistance improved following FES-LCE training as indicated by the higher
forces maintained in response to repetitive electrical stimulation. In contrast with an improved
fatigue resistance, the maximal rate of force rise was una�ected, the speed of relaxation
increased and the fusion of a 10 Hz force signal decreased. Furthermore, the force-frequency
relationship shifted to the right at low stimulation frequencies, indicated by a decline in the
ratio of 1 and 100 Hz force responses as well as the ratio of 10 and 100 Hz force responses.
Conclusion: FES-LCE training can change the physiological properties of the quadriceps
muscle in people with SCI. Even after a short period of training, the stimulated muscles
become more resistant to fatigue. Furthermore, the increased speed of relaxation and
associated decreased fusion and altered force-frequency relationship following training may be
related to adaptations in the calcium handling processes, which re¯ect an early response of
long-term disused muscles.
Spinal Cord (2000) 38, 214 ± 223
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Introduction

Spinal cord injury (SCI) results in loss of motor
control, sensation and autonomic function below the
level of the spinal lesion. This traumatic event often
leads to signi®cant central and peripheral physiological
adaptations including impaired cardiovascular ®tness,1

muscle atrophy2,3 with concomitant greater prevalence
of fast type II muscle ®bres,4 ± 6 osteoporosis7,8 and
reduced blood circulation of the lower limbs.9 ± 11

For almost two decades now, much attention has been
focused on improving health and ®tness of individuals
with SCI using a functional electrical stimulation leg
cycle ergometer (FES-LCE). This ergometer provides

computerised electrical stimulation to hamstring, gluteal
and quadriceps muscles in a co-ordinated sequence,
which enables active leg cycling.12 Several studies that
assessed e�ects of FES-LCE training have demonstrated
an improved cycling performance,3,13 ± 17 and improved
cardiovascular ®tness.15 Musculoskeletal adaptations in
the lower limbs following FES-LCE included reduced
loss of bone mineral density,18 increased muscle
mass3,14,19 and proportional increases in capillary
number.19 Furthermore, it has recently been demon-
strated that FES-LCE training can signi®cantly alter the
expression of myosin heavy chain in the quadriceps
muscle of people with SCI. The cycle training induced a
change from a predominance of muscle ®bres containing
IIB or a mixture of IIA/IIB isoforms to a predominance
of ®bres containing only the IIA isoform.3,20
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From animal studies, it is well known that chronically
increased contractile activity can lead to adaptations in
the muscle ®bre composition and associated physiologi-
cal properties of the muscle, such as an increased
resistance to fatigue and altered contractile character-
istics.21,22 In agreement with these ®ndings, studies that
applied di�erent modes of electrical stimulation proto-
cols on paralysed muscles of people with SCI, reported a
decreased number of glycolytic type IIB and an increased
number of oxidative type IIA2,23,24 or type I2 ®bres.
Furthermore, in the tibialis anterior muscle, these
structural, molecular and metabolic changes were
accompanied by an increased fatigue resistance and
slowing of contractions.25

Recently, we have shown that the quadriceps
muscles of individuals with SCI are characterised by
faster contraction and relaxation rates and increased
fatigability compared with muscles of able-bodied
individuals.26 Although these muscles have been
studied extensively with respect to structural, morpho-
logical properties, to our knowledge no systemic data
are available in the literature, which quantify
alterations in the contractile properties of the
stimulated quadriceps muscles after FES-LCE train-
ing. It may be expected, however, that these
physiological properties undergo signi®cant adapta-
tions that are consistent with alterations in ®bre type
expression.3,20 Therefore, it is hypothesised that the
characteristics of the quadriceps muscles in people
with SCI shift towards that of more fatigue resistant
slower muscles following FES-LCE training. To test
this hypothesis we assessed the e�ect of a 6-week FES-
LCE training period on the contractile properties of
the paralysed quadriceps muscle of individuals with
SCI.

Methods

Subjects
This study included seven male subjects with motor-
complete spinal lesions. Table 1 represents the
characteristics of the subjects with respect to the
lesion and body composition. All subjects participated
in a pre-training screening procedure. Screening

included a general physical examination, performed
by the rehabilitation physician; evaluation of joint
range of motion, spinal re¯exes and spasticity
performed by the local physiotherapist. Subjects who
met any of the following exclusion criteria were
excluded from participation: cardiac arrhythmia, high
blood pressure (systolic blood pressure4180 mmHg,
diastolic blood pressure4110 mmHg), presence of a
pacemaker, pressure ulcers, metal implants in the area
of stimulation, severely reduced mobility in hip or knee
joints, absence of spinal re¯exes, and previous bone
fractures. All subjects were carefully informed about
training and testing procedures and involved risks and
gave their written informed consent. The Medical
Ethical Committee of the University of Nijmegen
approved this study.

FES-LCE training
The cycle training was performed using a computer
controlled FES leg cycle ergometer (Ergys 2, Ther-
apeutic Alliances Inc., Ohio, USA). This device
provides electrical stimulation to 12 self-adhesive
50689 mm surface electrodes (Bio¯ex, PE 3590,
Danica, Leusden, the Netherlands), placed over ham-
string, gluteal and quadriceps muscles (two electrodes
for each muscle). Electrical stimulation (monophasic
square wave pulses of 450 ms duration, 30 Hz,
synchronised for each pair of electrodes) is applied in
a co-ordinated sequence allowing cyclic patterns of
muscle contractions resulting in leg cycling. The device
is programmed to increase the stimulation current, with
a maximum of 140 mA, in order to achieve a target-
pedalling rate of 50 rpm. The external pedal resistance
of the ergometer can be varied with 1/8 kp increments
(corresponding with *6.1 W at 50 rpm). When the
pedalling rate drops below 45 rpm, the resistance is
reduced and when the pedalling rate drops below
35 rpm, the stimulation is stopped.

Training protocol
All subjects trained for 6 weeks, three times a week. A
training session consisted of 30 min FES-LCE exercise.
Each exercise session started with 1 min of passive

Table 1 Characteristics of SCI subjects with respect to body composition and the level, classi®cation and duration of the lesion

Subject
Age

(years)
Height
(m)

Weight
(kg)

Lesion
level

ASIA
class*

Lesion duration
(years)

1
2
3
4
5
6
7

44
36
30
61
40
44
28

1.91
1.72
1.78
1.80
1.78
1.85
1.89

95
62
68
82
78
88
72

C5/C6
C5
T4

T7/T8
T8
C5
T4

B
A
A
A
A
B
A

14
18
2
2
5
27
1

*ASIS (American Spinal Injury Association49) score is used to classify the completeness of the lesion: A, sensory and motor
complete; B, sensory incomplete but motor complete)
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warming-up (without stimulation) as a research
assistant turned the crankshaft manually. After the
warming-up, stimulation of the leg muscles started,
allowing active FES-LCE training until the subject
could no longer maintain the pedalling rate above
35 rpm (represents one `run'). When fatigue occurred
before the end of the 30-min training session this run
was followed by a 5-min rest period. This procedure
was repeated with a maximum of ®ve runs available to
complete 30 min of active cycling. Each bout of
exercise was followed by a 2-min passive cooling
down, during which the pedals were turned by the
assistant. When a subject was able to complete 30 min
of FES-LCE exercise in one run with at least 90% of
the programmed pedal resistance, the resistance was
increased with 1/8 kp in the next training session up to
a maximum of 7/8 kp.

Thigh girth
Thigh circumference was measured at 5 cm above the
superior aspect of the patella and at mid-thigh
(*20 cm above the patella) before and after the
training period. In order to optimise the reproduci-
bility of these measurements the average of three
measurements was taken at each location.

Measurements of contractile properties
Isometric contractions of the knee extensors were
obtained while subjects were seated upright with the
pelvis and upper thigh securely ®xed to the seat and the
knee angle ®xed at 1008. Electrically stimulated
quadriceps contractions were generated using a high
voltage constant current stimulator (model DS7A,
Digitimer Limited, Hertfordshire, UK), delivering
electrical pulses of 0.2 ms width to surface electrodes
(10613 cm, Electro-Medical Supplies, Greenham
Limited, UK) placed over the anterior thigh. The
muscles were activated with a stimulation intensity of
121+30 mA. Although we were not able to determine
exactly what proportion of the muscle was being
stimulated, it was established from previous experi-
ments that approximately 25% to 30% of the muscle
can be activated with stimulation intensities between
120 ± 160 mA.26

Some of the subjects developed muscle spasms
during stimulation with intensities that exceeded
120 mA. In these cases, lower stimulation intensities
were chosen. Binder-Macleod et al27 showed little
systematic change in contractile properties with
variable stimulation intensities. We used the same
stimulation current in the pre- and post-training
experiments for each individual and therefore it can
be assumed that the intensity of the stimulation
current did not materially a�ect the results of the
present study.

Knee extension forces were recorded using a force
transducer connected to a non-extensible strap placed
around the lower leg. Electrical trains of 1 s duration

were applied to the muscle at stimulation frequencies
of 1, 10, 20, 50 and 100 Hz with a rest period of 2 min
between the stimulation trains.

The resistance to fatigue was assessed by activating
the quadriceps muscle repetitively for 2 min using 30-
Hz stimulation trains of 1 s duration every 2 s (ie on:
o� time=1 s: 1 s). To assess the recovery of the
muscle, 1-s stimulation trains of 100 Hz were applied
at 0, 2 and 5 min post-exercise.

In order to minimise possible e�ects of muscle
temperature before and after training, room tempera-
ture was kept constant at 258C during the testing

Figure 1 Typical example of a 10-Hz force response before
(thin line) and after (bold line) 6 weeks FES-LCE training.
Forces are normalised for peak force. dF Represents the
average force of three consecutive force oscillations just after
the peak force is reached and Fmean represents the force
during this time

Figure 2 Progression in work output during the FES-LCE
training program for seven individuals with SCI. During
three training sessions, exercise test protocols were performed
on the ergometer, which di�ered from the original training
protocol. Work output values of these sessions are therefore
not presented in this graph
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procedure and subjects were in the room at least
45 min before the actual protocol started.

Data analysis
O�-line analysis of force records was performed using
custom-made software programs. Several indices of
contractile speed were obtained. Normalised maximal
rate of force rise (MFR) was calculated from the
positive ®ltered (30 Hz ®lter frequency) force differ-
ential and expressed as a percentage of peak force
according to the method described by Buller et al.28

Half relaxation time (� Rt), which is related to cross-

bridge dissociation and calcium re-uptake,29 was
de®ned as the time taken for force to decline from
50% to 25% of the peak 100-Hz force. The degree of
fusion as a result of 10 Hz stimulation was determined
by calculating the force oscillation amplitudes (FOA)
relative to the mean force according to the method
described by Gerrits et al.26 This was established by
taking the average of the three consecutive oscillation
amplitudes in the 10-Hz tetanus after force reached its
peak value, divided by the mean force during that time
(Figure 1).

In order to compare force-frequency relationships,
which can distinguish fast-twitch from slow-twitch
muscles,30 ratios of 1 and 100-Hz force responses and
of 10 and 100-Hz force responses were calculated
before and after training.

Force responses resulting from 30-Hz stimulation
were continuously recorded during the fatigue proto-

*

Figure 3 Force (a) and half relaxation time (� Rt) (b)
expressed as percent of the pre-fatigue value during 2min of
repeated 30-Hz stimulation. Force responses before (open
circles, dashed line) and after (closed circles, solid line) 6 weeks
of FES-LCE training are plotted every 10 s. � Rt values
before (black bars) and after (grey bars) training are given of
the ®rst (pre-fatigue) and the last (post-fatigue) contraction.
Values are mean+SD, n=7 (a), n=6 (b). Missing values are
due to stimulus artefacts. *Refers to signi®cantly di�erent
from pre-fatigue value, P50.05. {Refers to signi®cantly
di�erent from pre-training value, P50.05

Figure 4 Force (a) and half relaxation time (� Rt) (b) of
100-Hz responses during recovery from the fatigue protocol
before (black bars) and after (grey bars) 6 weeks FES-LCE
training. Values at 0min, 2min and 5min post-exercise are
expressed as per cent of the pre-fatigue values. Values are
mean+SD (n=7(a), n=6(b)). Missing values are due to
stimulus artefacts. Recovery of force or � Rt was not
signi®cantly di�erent after training
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Figure 5 Contractile properties before (black bars) and after (grey bars) training. Individual data of (a) half relaxation time (�
Rt), (b) maximal rate of force rise (MFR), (c) relative force oscillation amplitudes (FOA), (d) ratio of 1 and 100-Hz responses
(1/100 ratio), and (e) ratio of 10 and 100-Hz responses (10/100 ratio) from subjects 1 to 7. Mean values+SD are also shown.
Missing values are due to stimulus artefacts. *Refers to signi®cantly di�erent from pre-training values, P50.05
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col. To compare di�erences in fatigue induced force
decline and slowing of relaxation, force and � Rt of
the 30-Hz responses were calculated at the start and at
2 min of the fatigue protocol. In order to characterise
the recovery of the muscle, force and � Rt from 100-
Hz responses were calculated at 2 min and 5 min after
the fatigue protocol.

Statistical analysis
Comparisons of contractile properties before and after
FES-LCE training were made using paired t-tests. A
repeated measures analysis of variance was used to
compare the recovery of force and � Rt, before and
after FES-LCE training. All values are described as
mean+SD, unless otherwise stated and levels of
signi®cance for two-tailed tests were set at 0.05.

Results

FES-LCE exercise training
All subjects completed the total number of 18 training
sessions. The majority of the subjects accomplished
these sessions within 6 weeks. Two subjects completed
the training in longer periods: subject no. 6 in *9
weeks and subject no. 7 in *7.5 weeks. At the start of
the training period, most subjects had a very low
exercise tolerance to FES-LCE: the mean work output,
averaged over the ®rst three training sessions, was
4+5 kJ. Most subjects showed an increase in work
output as training progressed, although a large
variability between subjects was found. After 6 weeks
of training, work output, averaged over the last three
training sessions, had signi®cantly improved to
14+13 kJ, respectively (P=0.019). The changes in

total work output (kJ) for each subject achieved
during the training period is shown in Figure 2. Work
output in subject 2 and 6 did not increase during the 6
weeks of FES-LCE. Their total exercise time however,
improved from *9 and 7 min, respectively, before
training (average of the ®rst three training sessions) to
*21 and 13 min, respectively, after training (average
of the last three training sessions).

Fatigue and recovery
Expressed as a percentage of the pre-fatigue value,
force responses generated during repeated 30-Hz
stimulation declined progressively during the fatigue
protocol before and after training (Figure 3a). There
was a large variability in fatigue resistance between
subjects and this was negatively correlated with the
time since injury (Pearson correlation coe�cient:
70.87, P=0.01). However, quadriceps force declined
signi®cantly less (P=0.012) following 6 weeks of FES-
LCE. At the end of the 2-min stimulation protocol,
force declined to 32+10% of the pre-fatigue value
before training and to 42+10% after training.

Following 2 min of repeated stimulation, � Rt
increased to 353+115% of the pre-fatigue value
before the FES-LCE training. After the training, the
slowing of relaxation was signi®cantly reduced
(200+24% of the pre-fatigue value, P=0.015)
(Figure 3b). Figure 4 presents the recovery of force
(a) and � Rt (b) resulting from 100-Hz responses after
the 2-min fatigue protocol.

The relative changes in both force and � Rt during
recovery were similar before and after 6 weeks of FES-
LCE training (P=0.266 and 0.545, respectively).

Contractile properties: contractile speed and low
frequency fusion
Figure 5 presents the contractile characteristics before
and after 6 weeks FES-LCE training. MFR remained
unchanged after training (1.28+0.33%.ms71 before
and 1.27+0.17%.ms71 after the training program,
respectively). However, mean � Rt decreased signifi-
cantly (P=0.014) from 39+8 ms before the FES-LCE
training program to 33+8 ms after 6 weeks of FES-
LCE training. Furthermore, the degree of fusion in a
10-Hz force response diminished, which was repre-
sented by a signi®cant increase in FOA from 61+20%
before to 85+30% after FES-LCE training (P=0.006).

Contractile properties: frequency response
The normalised peak force responses, generated at each
frequency before and after 6 weeks of FES-LCE
training are presented in Figure 6. As can be clearly
seen the force-frequency curve shifted to the right at
low stimulation frequencies following training. This
shift is indicated by a signi®cant decline in the ratio of
1 and 100-Hz responses from 0.27+0.08 to 0.16+0.03
(P=0.018), and a signi®cant decline in the ratio of 10

Figure 6 Force-frequency relationship before (open circles,
dotted line) and after (closed circles, solid line) 6 weeks of
FES-LCE training. Force responses to di�erent stimulation
frequencies are normalised for peak isometric 100-Hz force.
Values are mean+SD, n=7. *Refers to signi®cantly di�erent
from pre-training values, P50.05
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and 100-Hz responses from 0.48+0.05 to 0.35+0.10
(P=0.038) after the training procedure (see also Figure
5d and e, respectively).

Thigh circumference
Six weeks of FES-LCE training did not signi®cantly
alter thigh circumference. Thigh girth measured 5 cm
proximally of the upper aspect of the patella was
40.2+3.2 cm before, and 40.4+2.5 cm after the
training period. Mid-thigh circumference was
47.8+2.9 cm before, and 48.0+3.4 cm after the
training.

Discussion

This study was undertaken to quantify changes in the
functional characteristics of the quadriceps muscles in
individuals with SCI as a result of a 6-week FES-
cycling program. This is the ®rst study to demonstrate
profound alterations in selected isometric contractile
speed properties of the paralysed quadriceps muscle
following FES-LCE training. Training increased the
fatigue resistance of the quadriceps muscles but to our
surprise, contractile speed characteristics adapted
towards those of faster muscles.

At the beginning of the training period, most SCI
subjects had a very low exercise tolerance during FES-
LCE and demonstrated a low resistance to fatigue
during 2 min of repeated stimulation. The close
negative correlation found between the per cent of
pre-fatigue force that remained after the 2-min fatigue
protocol and the time since injury occurred, indicates
that the fatigue resistance of these muscles decreased
with the duration of disuse, which may explain the
variation in muscle endurance between subjects. This
study clearly provided evidence that fatigue resistance
can be improved after only 6 weeks of FES-LCE
training since all subjects showed a reduction in the
rate at which force declined and a reduction in the
slowing of relaxation in response to 2 min of repeated
stimulation after the training period. Despite the
heterogeneity of the study population, all subjects
showed the same changes, indicating that FES-LCE
training can improve muscle endurance capacity in a
broad population with a large variety of character-
istics. Recovery of force and relaxation rate after the
2-min fatigue protocol seemed not a�ected by training,
but the lack of more frequent force measurements
during the recovery period limits the interpretation of
these results. Martin et al2 reported higher activities of
oxidative enzymes after prolonged electrical stimula-
tion of the tibialis anterior muscle in people with SCI.
Furthermore, Chilibeck et al19 found an increase in the
capillary number in the quadriceps muscle of subjects
with SCI after 8 weeks of FES-LCE. These results
indicate that electrical stimulation training programs
can increase the oxidative capacity and improve the
blood supply to the exercising muscle, which would
improve the delivery of oxygen and energy to the

exercising muscles and diminish accumulation of
metabolic products. These adaptations are known to
be the earliest changes after chronic electrical
stimulation31 and most likely underlie the improved
endurance capacity of the quadriceps muscle in the
present study.

In addition, the improved cycle performance, which
was also found in previous studies3,13 ± 17 is in
agreement with the increased endurance capacity of
these muscles. Cycle performance is probably best
represented by an increased work output, which is
determined by the level of pedal resistance multiplied
by the time that resistance could be maintained. Two
subjects were unable to increase their pedal resistance
above 0 kp during the 6-week training program, and
thus work output had not improved in these people.
However, the total time these individuals were able to
cycle doubled after FES-LCE, indicating a substantial
improvement in exercise performance.

It is possible that an increased muscle mass as a
result of FES-LCE training contributes to the
improved work capacity in some of our subjects. We
were not able to demonstrate signi®cant increases in
thigh girth, which may have been due to the low
sensitivity of these measurements, short exercise period
or changes in the relative amount of fat tissue. Other
investigators however, using computer tomography,
MRI, or muscle biopsies, reported an increased whole
muscle3,14 or ®bre cross sectional area19 after a
prolonged period,3 but also after only 8 weeks14,19 of
FES-LCE training.

The most striking result of the present study is
that 6 weeks of FES-LCE increases the speed of
relaxation, consequently leading to a decreased
fusion of a 10-Hz force response. As relaxation
rate increases, force at low frequencies becomes less
fused and tetanic fusion would require higher
stimulation frequencies resulting in the right-shift of
the force-frequency relationship observed in the
present study. The increased relaxation rate appears
to be inconsistent with our observation of an
increased fatigue resistance and in con¯ict with
®ndings in numerous previous studies. Three
decades ago Salmons and Vrbova32 already demon-
strated that a transformation of fast- into slow-
twitch muscle can be brought about by the
application of chronic electrical stimulation in
animals and this was con®rmed extensively by
others.21,22 Furthermore, studies that applied elec-
trical stimulation programs on the muscles of
humans with SCI, have reported the expected
slowing of contractile properties25,33 and associated
changes in muscle ®bre composition towards more
oxidative type IIA or type I muscle ®bres.2,3,20,23,24,33

The speed of relaxation is closely related to the
cross-bridge dissociation and the re-uptake of calcium
by the sarcoplasmic reticulum.29 In animals, chronic
low frequency electrical stimulation programs reduce
the calcium uptake capacity by decreasing the calcium
ATPase activity and these changes would be associated
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with increases in time-to-peak of isometric tension and
half relaxation times.34 The faster relaxation after
training found in the present study is in contrast with
these ®ndings, and suggests that FES-LCE increased
the calcium uptake in the stimulated quadriceps
muscle. To our knowledge, it is unknown how long-
term SCI in humans a�ect the mechanisms involving
calcium handling. Hunter et al35 however, reported
that the rate of calcium uptake by the sarcoplasmic
reticulum was lower in elderly women compared with
young women, and that resistance training increased
this rate of calcium uptake in elderly women, but not
in young women. It is possible therefore, that although
normally, fast-twitch muscles have higher rates of
calcium uptake than slow-twitch muscles,36 these
processes may be impaired in the fast-twitch paral-
ysed muscles of people with SCI, owing to long
periods of inactivity. Previous studies support this
speculation by reporting evidence that implies a
reduced rate of calcium uptake by the sarcoplasmic
reticulum following denervation,37 ± 39 although others
have found con¯icting results.40,41 Thus, we would
suggest that following prolonged disuse leading to an
impairment of calcium handling mechanisms, training
initially leads to an increase in the calcium uptake
capacity as re¯ected by the faster relaxation.

In contrast with the changes in the relaxation
phase of the muscle, the rate of force development
in a 100-Hz force response remained unchanged,
suggesting that 6 weeks of FES-LCE training did
not a�ect the net rate of actomyosin cross-bridge
attachment.42 It should however be noted that
higher stimulation frequencies are needed to
generate maximal rate of force rise than to produce
maximal tetanic tension.28,43 Therefore, stimulation
frequencies in excess of 100 Hz may have been
required to obtain the maximal rate of force
development. However, the use of higher stimula-
tion frequencies may increase the risk for damage to
the weak paralysed muscles and tendons, and we
therefore decided not to use stimulation frequencies
above 100 Hz. Moreover, it may be expected that
di�erences in the rate of force development as a
result of an increased net cross-bridge attachment
would be detected already at sub-maximal levels of
activation. A more likely explanation for the
unchanged rate of force rise is that although
adaptations in metabolic properties, capillary blood
¯ow and calcium ATPase activity occur soon after
the start of electrical stimulation programs, altera-
tions in myosin ATPase and associated increased
rate of tension development develop at a later
stage.31,34

The increased fatigue resistance, faster speed of
relaxation and unchanged rate of force development
demonstrated in the current study, probably re¯ect the
®rst adaptations of long-term disused muscles to
electrically induced increases in contractile activity.

The quadriceps muscle in our study was stimulated for
30 min, three times a week, for 6 weeks. Other studies
however, who actually reported signi®cant adaptations
in structural, molecular and physiological properties
towards characteristics of slower, more oxidative
muscles used considerably longer or more intensive
training programs. Andersen et al20 and Mohr et al3

used a similar FES-LCE training program, but
continued the training for 6 to 12 months. Others
applied daily electrical stimulation for 1 h a day
during approximately 13 weeks23 or even up to 8 h a
day during 633 or 24 weeks.2 Rochester et al24,25 used a
4-week training program, which was less than in our
study, but again stimulation was applied daily for
approximately 2.5 h a day. Thus, it may be speculated
that longer or more intensive training periods are
required to induce muscular adaptations, which would
lead to a detectable slowing of contractile speed
characteristics in paralysed muscle of people with SCI.

In addition to altered physiological characteristics
of the contractile elements of the muscle, possible
mechanical adaptations in the non-contractile tissue of
the muscle and/or tendon as a result of training may
a�ect the functional properties of the muscle.
Immobilisation leads to an increased muscle sti�ness
in animals,44,45 which may be attributed to both
quantitative and qualitative changes in the connective
tissue.44 Furthermore, contractile activity seems to be
important for the maintenance of normal muscle
compliance46 and training can decrease muscle
sti�ness.47 In contrast, Douglas et al48 who studied
muscle tone in humans, reported a decreased muscle
sti�ness in people with paraplegia compared with non-
injured controls. Furthermore, the muscle sti�ness of
these paralysed muscles was increased by electrically
stimulated shortening contractions and decreased by a
period of passive movements.

It remains unclear therefore, whether the FES-LCE
training in the present study induced an increase or
decrease in muscle sti�ness and to what extent these
possible mechanical adaptations in muscle and tendon
may have a�ected the results of the present study.

The present study clearly demonstrates that 6 weeks of
FES-LCE training can improve the physiological
properties of the quadriceps muscle in individuals with
SCI with respect to fatigue resistance. Furthermore, an
increase in the speed of relaxationwas foundwhichmight
re¯ect an early response in the calcium handling
mechanisms of the muscles consequent upon training of
long-term disused muscles. The possible impairment of
calcium handling following long-term disuse in humans,
and the recovery from that impairment is clearly an issue
which deserves further investigation if monitoring of
training programs is used to inform the development of
e�ective interventions in this group of SCI individuals. It
is possible that longer training programs are required to
induce signi®cant adaptations towards characteristics of
slower contracting muscles.
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