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Abstract Forty-five paraplegic subjects participated in
three series of experiments to examine the interrela-
tionships between previous weight training, concurrent
weight training and muscle strength and endurance
during cycle ergometry elicited by functional electrical
stimulation (FES). When subjects only underwent
isokinetic weight training (series 1) three times per week
on the quadriceps, hamstring and gluteus maximus
groups for 12 weeks, strength increased linearly with
time for all three muscle groups from an initial average
of 17 N to 269 N at the end of training, a 15-fold in-
crease. In the second series of experiments, different
groups of subjects either underwent no strength training
prior to cycle ergometry or underwent strength training
of these same three muscle groups for 2 weeks, four
weeks, or 6 weeks prior to cycle ergometry. Any strength
training was effective in increasing endurance for cycle
ergometry. However, the rate of increase in endurance
during cycle ergometry with no prior strength training
was only 5 min per week, whereas the rate of increase in
cycle endurance during ergometry was 14.6, 25.0, and
33.3 min per week increase in endurance after strength
training for 2.4 and 6 weeks, respectively. When weight
training was accomplished during FES cycle ergometry
(concurrently) in a third series of experiments, there was
an additional increase in endurance during cycling if
strength training was concurrently accomplished. With
no weight training, endurance increased 23 min per
week, whereas with concurrent weight training at three
times per week, endurance increased during cycling by

41.6 min per week. The results of these experiments
seem to show a clear advantage of weight training con-
currently and before FES cycle ergometry. Results are
given as mean (SD).

Keywords Bicycle Æ Exertion Æ Functional electrical
stimulation Æ Paraplegia Æ Quadriplegia

Introduction

Paraplegia and quadriplegia are commonly associated
with severe muscle atrophy (Chilbeck et al. 1999; Mur-
phy et al. 1999; Petrofsky 2001; Petrofsky et al. 2000).
This atrophy is also associated, in many cases, with mild
to severe muscle spasticity which can hinder an indi-
vidual�s ability to transfer and conduct activities of daily
living independently (Fulbright 1984; Phillips et al. 1984;
Ragnarsson 1992; Stein et al. 1992; Vodovnik et al.
1984).

In recent years, functional electrical stimulation
(FES) has been used for weight training and cycle erg-
ometry to reduce spasticity, reverse muscle atrophy and
to increase circulation to paralyzed muscles (Fulbright
1984; Petrofsky 2001; Petrofsky et al. 2000, 2001; Phil-
lips et al. 1984; Ragnarsson 1992; Stein et al. 1992;
Vodovnik et al. 1984). Even people with complete cer-
vical paralysis can benefit from electrical stimulation
and conditioning since it will increase cardiovascular
tone, skin circulation and reduce muscle spasticity
(Chilibeck et al. 1999; Jacobs and Nash 2001; Nash et al.
1996; Petrofsky and Smith 1988), reducing their chance
of developing pressure sores (Petrofsky and Smith 1988)
if their muscles are kept conditioned. Further, as is the
case for people who are not paralyzed and who have
diabetes, if they have severe paralysis exercise with
electrical stimulation, their insulin sensitivity increases
(Chilibeck et al. 1999; Peters et al. 1998; Raymond et al.
1999).

Electrical stimulation has been used to induce both
isokinetic and dynamic exercise. Many papers have
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examined the therapeutic benefits of weight lifting using
electrical stimulation (e.g., Chilbeck et al. 1999; Murp-
hey et al. 1999; Petrofsky et al. 2000, 2001; Stein et al.
1992) and have reported good increases in strength and
muscle size but little cardiovascular and respiratory
conditioning. (Chilbeck et al. 1999; Murphey et al. 1999;
Petrofsky and Smith 1988; Petrofsky and Stacy 1992;
Petrofsky et al. 2001; Quittan et al. 1999; Stein et al.
1992; Vodovnik et al. 1984). Cycle ergometry, in con-
trast, provides a smaller increase in strength but large
increases in circulation and cardiovascular and respira-
tory conditioning (Chilbeck et al. 1999; Murphey et al.
1999; Petrofsky and Smith 1988; Ragnarsson et al.
1988). This type of cardiovascular conditioning is
important for people with paralysis since it helps reduce
the incidence of pressure sores and cardiovascular dis-
orders such as orthopedic intolerance (Chilbeck et al.
1999; Danopulos et al. 1985; Petrofsky and Smith 1988;
Ragnarsson et al. 1988).

One problem associated with FES cycle ergometry is
that endurance times are short (30 s or less) during the
initial session, while the time to apply electrodes and get
the subject in place is usually about 15 min (Jacobs and
Nash 2001; Petrofsky and Stacy 1992; Ragnarsson et al.
1988). Further, endurance increases very gradually after
ergometry begins. Since the optimum time for cardio-
vascular conditioning is usually about 20 min (Astrand
and Rodahl 1970; McArdle et al. 2001), it takes con-
siderable time before reaching these levels of endurance
for cycle ergometry, making the initial weeks of training
of little medical benefit.

Paralyzed muscle is inherently weak due to disuse
atrophy. Muscles like the quadriceps have as little as 5%
of its strength after more than 2 years of disuse atrophy
post spinal cord injury (Petrofsky et al. 1984). Therefore,
some investigators have used weight training with elec-
trical stimulation to increase the initial endurance for
FES cycle ergometry ( Chilbeck et al. 1999; Milner-
Brown and Miller 1988; Petrofsky and Smith 1988;
Ragnarsson et al. 1988). Rather than the initial endur-
ance for FES cycle ergometry being a few seconds, with
several weeks of muscle strength training, endurance can
initially start at minutes and rapidly increases (Petrofsky
and Smith 1988). By increasing initial endurance, the
medical benefits of ergometry will be seen sooner.
However, no studies to date have examined at the exact
interaction between previous FES weight training. None
have examined the effect of concurrent FES weight
training on the endurance for FES cycle ergometry and
the strength in muscle. In non-disabled individuals,
concurrent strength training increased dynamic endur-
ance (Ades et al. 1996; McCarthy et al. 1995; Millet et al.
2002). Further, in previous studies on the elderly, prior
weight training also increased dynamic endurance (Ades
et al. 1996). It can be expected that in people with a
spinal cord injury the atrophied muscle will respond the
same as in the elderly and show an increase in dynamic
endurance with prior and concurrent weight training.
This was the purpose of the present investigation.

Methods

Subjects

Three series of experiments were accomplished. Five subjects par-
ticipated in a first series of experiments (group 1), 20 subjects
participated in the second series of experiments (groups 2–5), and
20 additional subjects participated in the third series of experiments
(groups 6–9). All subjects were paraplegics diagnosed with com-
plete spinal cord injuries between T-3 and T-12. All subjects were
diagnosed as being free from denovation atrophy (lower motor
neuron injury) and all subjects were free of any other cardiovas-
cular abnormalities. The ages, heights, duration of spinal cord in-
jury, and body mass of the subjects [mean (SD)] by group numbers
are listed in Table 1. All subjects were informed of all experimental
procedures and signed a statement of informed consent.

Weight training

Weight training was accomplished on three different muscle
groups, the quadriceps, hamstring and gluteus maximus muscles.
Weight training on the quadriceps muscles and hamstring muscles
was accomplished with the subject in the seated position on a
special ergometer. The subject was seated with a high backrest. A
shoulder harness and seat belt were used to maintain good support
of the subject in the chair due to the paralysis of some of the
muscles in the subjects.

Electrodes were applied on the belly and 3 cm distal to the belly
of each muscle. A pulley system was used to load the leg either in
extension or flexion. Electrical stimulation was then applied to the
muscle at a frequency of 30 Hz and a pulse width of 250 ls. For the
quadriceps muscle, the amplitude of the stimulation was adjusted
by a computer so that the biphasic sine wave stimulation was
slowly ramped up to allow extension from 90� at rest at the knee
over a 3-s period to 5� short of full extension and then over another
3-s period the stimulus amplitude was ramped down to allow the
knee to return back to the 90� leg-dependent position. This pro-
tocol was repeated for 15 min. For the hamstring muscles the
stimulation pattern started with the leg in extension and stimula-
tion was ramped up to flex the knee and down to extend the knee
with the same timing as described above.

At the beginning of each experiment, each subject lifted a load
of 1 kg on a given day. If the subject could accomplish all 15 min of
lifting against a load of 1 kg, the weight was increased for the next
experimental day. On a given day, if the subject could only main-
tain lifting for less than 12 min before the muscle fatigued, the load
was reduced for the next day. If the endurance was between 12 and
15 min, the load was left alone for the next day. This protocol was
repeated on Monday, Wednesday, and Friday of successive weeks.
The initial load started for most subjects at 1 kg and at the end of
training the greatest load sustainable was 20 kg.

Table 1 Characteristics of subjects. All values are mean (SD)

Age
(years)

Height
(cm)

Body
mass (kg)

Duration of injury
(years)

Group 1 24 (3.1) 177 (6.3) 75.1 (4.6) 4.3 (1.2)
Group 2 27 (4.7) 181 (8.1) 77.3 (5.8) 5.1 (2.2)
Group 3 26 (2.4) 176 (11.3) 73.1 (4.7) 3.8 (1.3)
Group 4 28 (5.9) 181 (7.5) 81.1 (12.2) 5.7 (2.5)
Group 5 25 (6.2) 178 (6.8) 79.2 (8.6) 6.4 (1.7)
Group 6 29 (9.1) 183 (11.6) 79.8 (11.2) 5.6 (2.0)
Group 7 26 (3.7) 179 (3.5) 77.3 (6.9) 4.7 (1.5)
Group 8 27 (6.2) 181 (6.4) 78.5 (8.9) 7.2 (4.2)
Group 9 29 (6.1) 180 (3.6) 77.1 (7.8) 4.8 (1.6)
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On Friday of each week, an isometric contraction was per-
formed with each muscle group and the maximum strength of the
muscle was recorded. This was accomplished by ramping up a 250-
ls biphasic sine wave stimulus from threshold to 120 mA over a 3-s
period. The leg was immobilized by placing a stainless steel bar
with a force sensor on the ankle such that isometric strength could
be recorded. This technique has beendescribed in more detail
elsewhere (Petrofsky et al. 2000, 2001)

Strength training of the gluteus maximus muscle was accom-
plished on an inner-outer thigh machine. This particular machine
was based around a Paramount Fitness commercial exerciser
(Paramount Fitness, City of Industry, Calif., USA) and provided
constant resistance during abduction and adduction of the thighs.
Two pairs of electrodes were placed, one on the gluteus maximus
and one on the sartorius and alternating stimulation was used to
extend and flex the thighs.

The protocol was similar to that for the quadriceps and the
hamstrings. Extension and flexion occurred over a 6-s period fol-
lowed by 6 s of rest. As above, however, if the work could be
sustained for 15 min, the load was increased by 1 kg on both
flexion and extension for the next day. This protocol was also re-
peated on Monday, Wednesday, and Friday of successive weeks.

FES bicycle ergometry

FES bicycle ergometry was accomplished on a specially modified
Monarch cycle ergometer modified with a sensor on the flywheel
such that the pedal�s position was fed back to the computer
through an A/D converter. The sensor itself was a sine/cosine re-
solver. The output was transduced through a 12-bit A/D converter
(conversion time 2 kb per second) and input into an IBM com-
puter. A computer program then sensed the position of the pedals
and activated the quadriceps, hamstring or gluteus maximus mus-
cles on the right or left leg at the appropriate time to achieve
smooth cycling. A complete description of the timing is given
elsewhere (Petrofsky et al. 1984; Petrofsky 2003). The subject was
considered fatigued when the rpm, initially targeted at 50 rpm,
could not be sustained at a speed higher than 35 rpm irrespective of
the level of electrical stimulation used in these studies. A complete
description of this device is given elsewhere (Philips et al. 1984;
Ragnarsson et al. 1988). The load on the flywheel was kept con-
stant throughout the studies at 0.1 kPa (0.1 kg applied to the belt
around the flywheel).

Statistics

Statistical analysis involved the calculation of means, standard
deviations, correlations and analysis of variance (ANOVA). The
level of significance was P<0.05.

Procedures

Three series of experiments were accomplished as described below.
The first series assessed the changes in muscle strength due to
weight training alone. Series 2 looked at the effect of different de-
grees of weight training on endurance on the FES cycle ergometer,
while the third series examined the effect of concurrent weight
training on FES cycle ergometry and muscle strength.

Series 1

In the first series of experiments, only five subjects participated
(group 1). In these subjects, isokinetic exercise was induced by
electrical stimulation of the quadriceps, hamstring and gluteus
maximums muscles on Monday, Wednesday, and Friday of suc-
cessive weeks for a total of 12 weeks. On Friday of each week, an
isometric contraction was elicited with supramaximal electrical

stimulation with the appropriate muscle and maximum strength
was recorded. Twelve weeks was chosen since it equals the longest
period of pretraining prior to cycle ergometry in series 2 and 3
experiments below (6 weeks) plus the 6 weeks of cycle ergometry
after the weight training. In this manner, the effect of weight
training alone could be assessed on gains in muscle strength over
the same duration as weight training plus aerobic cycle ergometry.

Series 2

In the second series of experiments, four groups of subjects were
examined to see the effect of various degrees of strength training on
endurance and muscle strength for cycle ergometry. These groups
consisted of five subjects each. All groups participated in FES cycle
ergometry three times per week. The amount of weight training
prior to cycle ergometry was different.

In group 2 there was no weight training prior to cycle ergom-
etry. In group 3 there was 2 weeks of weight training three times
per week, as described in series 1 experiments. In group 4 there was
4 weeks of strength training while group 5 had 6 weeks of strength
training prior to cycle ergometry.

On Friday of each week, the endurance of the subject was noted
for each of the individual groups. Also, maximum strength was
determined as described above under the series 1 experiments.

Series 3

Finally, four groups of subjects (five subjects in each group) par-
ticipated in a third series of experiments. This series looked at the
effect of concurrent weight training on strength and endurance of
muscle during FES cycle ergometry. Subjects initially started with
4 weeks of strength training prior to FES cycle ergometry. After
4 weeks of strength training as described in series 1, subjects par-
ticipated in cycle ergometry against a load of 0.1 kPa. The same
parameters were used for assessing fatigue and measurements were
made each Friday of the endurance and strength of each subject in
each of the groups.

In this series, however, during cycle ergometry group 6, had no
concurrent weight training, whereas group 7 weight trained 1 day
per week (Tuesday), group 8 weight trained 2 days per week
(Tuesday and Thursday), and group 9 weight trained 3 days per
week (Tuesday, Thursday, Saturday) as described above.

Results

The results of the first series of experiments are shown in
Fig. 1, which shows the relationship between the maxi-
mum force of the muscles (N) and weeks of training of
the quadriceps, hamstrings, and gluteus maximus mus-
cles. There was almost a linear increase in strength
associated with training for all three muscle groups when
using electrical stimulation to train muscle. Although
maximum force was very low during the 1st week of
training due to atrophy in the muscles, the strength of
the muscle increased rapidly and almost linearly
throughout the 12 weeks of the study. The maximum
force developed by the quadriceps muscle at the end of a
12-week period was 291 (11) N [mean (SD)], whereas
the hamstring muscle showed a maximum strength of
273 (17) N and the gluteus maximus muscle showed a
final maximum strength of 244 (14) N, respectively. The
differences in strength between the three muscle groups
were not significantly different from each other
(P>0.05) for any week of the study when analyzed by
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ANOVA. For the group as a whole, from an average of
about 17 N strength, there was an increase of almost
15-fold in strength in the 12-week training period.

In the second series of experiments, as sited above
under protocols, four other groups of subjects either had
no strength training or strength training with protocols
described in series 1 for 2 weeks, 4 weeks or 6 weeks
prior to cycle ergometry. Starting cycle ergometry with
no prior strength training was associated with little
endurance during cycle ergometry. For the five subjects
in this group (Fig. 2), the average endurance on the 1st
day was 12 (3) s. However, whereas endurance was
short with no strength training, groups 3 and 4 showed
greater initial cycle endurance after two to four 6-week
periods of strength training. Group 3 had an initial
endurance of 3 (0.7) and 12 (2.3) min, respectively. In
contrast, group 5, which received 6 weeks of weight
training prior to cycle ergometry, showed an initial cycle
endurance at the end of the 1st week of 18 (4.6) min.
These differences in the groups were statistically signifi-
cant between any two groups at the end of the 1st week
of training (P<0.05).

Each week the disparity in endurance between the
groups was larger. For example, after 2 weeks of
endurance training, the group with 6 weeks of strength
training prior to the cycle ergometry showed an average
of 34 (7.9) min, whereas the group with 4 weeks of
strength had 22 (6.8) min of endurance and the group
with 2 weeks of strength training had 7 (1.9) min of
endurance. The group with no prior strength training
had an endurance of only 1 (0.3) min.

The group with no strength training had the smallest
increase in endurance over the 6 weeks of FES cycle
exercise, the endurance increasing to 30 (8.2) min. In
contrast, the endurance of groups 3, 4, and 5 was
88 (12.3), 150 (32.7) and 200 (34.1) min, respectively.
The most profound effect of previous strength training
was on the rate of rise of endurance during cycle erg-
ometry. With no weight training, endurance increased
by 5 min per week. For 2, 4, and 6 weeks of prior weight
training, the rate of increase in endurance during cycle
ergometry was 14.6, 25, and 33.3 min per week,
respectively, showing a clear advantage of prior weight
training for cycle ergometry.

Comparing the data from the end of the 1st to the 6th
week, the groups showed results that were significantly
different from each other (P<0.04 by ANOVA). Fur-
thermore, the slopes of the regression lines in Fig. 2 were
all significantly different from zero and different from
each other (P<0.02).

The results of the determinations of muscle strength
each Friday in the three muscle groups were similar.
Therefore, as an example, only the data on the quadri-
ceps muscle are shown in Fig. 3 along with the appro-
priate regression lines. The increase in strength in the
‘‘no weight training’’ group was small, increasing from
25 (5.6) to 55 (11.3) N. While this increase in strength
was significant when comparing strength at the begin-
ning to the end of the 6-week cycling period, the change
in strength was small when compared to even minimal
strength training in Fig. 1. In contrast, the strength of
the quadriceps increased much faster when strength

Fig. 1 The maximum force generated by the quadriceps
(diamonds), hamstring (squares) and gluteus maximus (triangles)
muscles at the end of each week of training in the series 1
experiments. Each point represents the mean response of 5 subjects

Fig. 2 Illustrated here is the endurance for functional electrical
stimulation (FES) cycle ergometry (min) during 6 weeks of training
of four groups of subjects. Each of four groups (5 subjects per
group) training on an FES cycle ergometer for 6 weeks after either
no weight training (diamonds) or weight training for 2 weeks
(squares), 4 weeks (triangles) or 6 weeks (crosses). Each point is the
average of five subjects

Fig. 3 This figure shows the maximum force in the quadriceps
muscle at the end of each training week on an FES bicycle
ergometer when training with no prior weight training (diamonds),
or weight training for 2 weeks (squares),4 weeks (triangles), or
6 weeks (crosses) prior to ergometry. Each point is the average of
five subjects
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training was accomplished 1, 2, and 3 times per week as
shown in Fig. 3. The average strength at the end of the
6 weeks of cycle ergometry was 140 (23.4), 210 (44.1),
and 295 (35.2) N for groups 3, 4, and 5, respectively.
The strength data for these four groups were signifi-
cantly different from each other each week and the rate
of increase in strength in the fifth group was significantly
higher than in the other three groups over the 6-week
training period (P<0.05). When the strength of the
muscle was correlated to endurance the correlation was
0.99.

Finally, in the third series of experiments, weight
training was accomplished concurrently with cycle erg-
ometry. As shown in Fig. 4, the endurance of the sub-
jects for cycle ergometry measured on Friday of each
week showed good endurance for all subjects at the
onset of the study since all subjects had 4 weeks of
weight training before engaging in this protocol. The
group means in Fig. 4 are connected with regression
lines for ease of presentation. Concurrent weight train-
ing had a dramatic effect on endurance for cycle erg-
ometry. The largest difference was between no weight
training and training two and three times per week. For
example, with no weight training concurrently, the
endurance increased from the 1st to last week from
12 (2.8) to 150 (23) min. The rate of increase was 23 min
per week in endurance time. When weight training was
accomplished once per week, endurance for cycle erg-
ometry increased from 15 (3.1) min to 180 (33.2) min.
This corresponded to a rate of 27.5 min of endurance
per week of training. When weight training was
accomplished concurrently with cycle ergometry twice
per week, endurance increased from 17 (2) min to
252 (38) min, a rate of 38.3 min increase in endurance
per week. Finally, when weight lifting was concurrently
accomplished three times per week, endurance for cycle
ergometry increased from 17 (3) min to 269 (27) min, a
rate of increase of 41.6 min per week. There was no
statistical difference between weight training 2 days per
week and 3 days per week in terms of its effect on

endurance on the cycle ergometer (P>0.05). However,
ANOVA of the data with no weight training when
compared to the data in the once per week or the twice
or three times per week groups were significantly dif-
ferent form each other (P<0.03). The slopes of the re-
gression lines for groups training 2 or 3 days per week
were significantly higher than those for groups not
training or training only 1 day per week.

Figure 5 shows the gains in muscle strength with
concurrent FES ergometry and weight training. The
results for the hamstring, quadriceps and gluteus maxi-
mus were similar and therefore, for illustrative purposes,
only the quadriceps muscle is shown in Fig. 5. The in-
crease in muscle strength with concurrent weight train-
ing was almost three times as fast as with ergometry
alone. The greatest effect was for training 3 days per
week on muscle strength. Whereas muscle strength in-
creased only modestly during 6 weeks of cycle ergometry
(Fig. 3), when concurrent weight training was done with
cycle ergometry, there was a large increase in strength as
shown in this figure.

Discussion

FES cycle ergometry has become a common form of
exercise in the rehabilitation of patients with spinal
cord injuries, multiple sclerosis or strokes (Milner-
Brown and Miller 1988; Peters et al. 1998; Petrofsky
and Smith 1988; Petrofsky et al. 2000, 2001; Phillips
et al. 1984). Numerous studies have reported on the
effect of FES cycle ergometry on muscle strength,
endurance, blood flow, cardiac output, other cardio-
respiratory parameters and muscle spasticity (Chilbeck
et al. 1999; Danopulos et al. 1985; Peters et al. 1998;
Petrofsky and Stacy 1992; Petrofsky 2001; Quittan
et al. 1999). However, no study has looked at the in-
ter-relationship between strength training with isoki-
netic exercise and endurance training on an FES cycle
ergometer.

Fig. 4 This figure shows the changes in endurance during weight
training and cycle ergometry performed concurrently. Group 6 did
no concurrent weight training (diamonds), group 7 trained 1 day
per week (squares), group 8 trained 2 days per week (triangles), and
group 9 trained 3 times per week (crosses). Each point is the
average of five subjects

Fig. 5 This figure shows the gain in strength in the quadriceps
muscle during weight training and cycle ergometry done concur-
rently. Group 6 did no concurrent weight training (diamonds),
group 7 trained 1 day per week (squares), group 8 trained 2 days
per week (triangles), and group 9 trained 3 times per week (crosses).
Each point is the average of five subjects
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The increase of strength in all three-muscle groups
prior to cycling as shown in Fig. 1 is not new. It has been
well documented that there is an increase in isometric
strength associated with isokinetic weight training with
electrical stimulation in paraplegics and quadriplegics
(Milner-Brown and Miller 1988; Petrofsky et al. 2000;
Phillips et al. 1984). However, the effect of strength
training on the initial endurance for cycle ergometry has
not been published. As can be seen in Fig. 2, there was a
large increase in endurance for the initial bout of cycle
ergometry at the beginning of the cycle studies. This was
reflected by a progressively greater endurance each week
in subjects who had prior weight training before cycle
ergometry. The greater the strength, the greater the
endurance for cycle ergometry. The correlation between
strength and endurance for cycle ergometry was 0.99.

A premise of exercise physiology is that training is
specific for the activity (McArdle et al. 2001). If true, then
there should be only a small effect of isokinetic weight
training on the endurance for cycle ergometry. For
example, Buckenmeyer et al. (1990) showed that endur-
ance exercise differentially altered slow-twitch fibers while
strength training changed metabolism in fast-twitch fi-
bers. Millet et al. (2002) showed that concurrent weight
training did not alter muscle kinetics or efficiency during
dynamic exercise, but Maiorana et al. (2000) published
contradictory findings. These investigators studied com-
bined strength and endurance training in patients with
chronic heart failure. Here patients were very decondi-
tioned. In a similar manner, weight training was effective
in increasing walking endurance in elderly persons (Ades
et al. 1996; Sauvage et al. 1992). The difference may be the
deconditioning of muscle seen with ageing and disabili-
ties.

Subjects in this study were greatly deconditioned due
to years of paralysis. The muscle strength in the three
muscle groups examined here was less than 10% of that
expected for people of their age and height (Petrofsky and
Smith 1988). As such, there was little strength tomove the
pedals of the cycle ergometer.A fair premisewould be that
to train for endurance exercise, work must be accom-
plished at a minimal load to induce an increase in the
synthesis of new mitochondria, angiogenesis of blood
vessels and other factors that increase with exercise
training. Certainly, recent evidence points to the need for
sustained hypoxia to induce exercise training. Moncada
(2000) has shown that nitric oxide is produced in anoxic
cells during exercise. Nitric oxide is a stimulus for mito-
chondrial growth (Moncada 2000) and nitric oxide acts as
a stimulus for angiogenesis (Bussolati et al. 2001). With
muscle strength too low to maintain more than a few
seconds of exercise, perhaps the levels of nitric oxide never
reach very high values in brief exercise and training would
be slow.

Other factors are also necessary to train for endurance
exercise. These include an increase in antioxidants to re-
duce cytochrome-produced H2O2 (Servais et al. 2003),
overexpression of peroxisome proliferator-activated
receptor protein (PPAR) to increase GLUT-4 to trans-

port more glucose into the cell (Miura et al. 2003), in-
creased peroxisome proliferator activated receptor
gamma coactivator 1-alpha, to increase the synthesis of
mitochondria in the cell (Hoppeler andFluck 2003;Miura
et al. 2003) and many other enzymatic pathways. The
common denominator here is that all of the pathways for
training are triggered by enzymatic reactions. As such, a
minimum change in cellular biochemistry is needed to
trigger pathways and begin gene expression for endurance
training. Proteins that increase genetic transcription of
proteins to increase the cells� ability to use oxygen such as
PPAR are inherently dose sensitive to their activators
(Miura et al. 2003). Thus, it is not surprising that minimal
exercise is needed for muscle and cardiovascular condi-
tioning (Ishikawa et al. 2003). For an able-bodied popu-
lation, there is sufficient muscle strength to provide this
minimum stimulus and achieve threshold changes in these
pathways during dynamic exercise, but for a disabled
population this is probably not the case.

The best evidence to support this hypothesis is in
comparingFigs. 2 and 3. Figure 3 shows that during cycle
ergometry, the level of muscle strength increases in pro-
portion to the gain in endurance in Fig. 2. Whatever level
the endurance started at, the gain in strength had a similar
slope, the only difference being the baseline level of
strength. The fact that muscle strength did not increase as
quickly during dynamic exercise as it did in Fig. 1 during
weight lifting points to the specificity of the exercise and
does not discount the relation between strength and
endurance training seen here; after all, training is still
specific to the work performed. However, the linear in-
crease in endurance after strength training shows two
things: (1)minimum strength is needed tomove the pedals
or there can be no endurance, and (2) with greater
strength, a longer workload could be sustained on the
cycle and thereby provided a stronger stimulus for enzy-
matic reactions to transcribe muscle proteins.

As shown in Fig. 4, concurrent weight training also
had an effect on endurance. Although strength increased
the more weight training was accomplished, endurance
did not. Figure 4 shows that there was no difference in
endurance if the subjects accomplished strength training
two or three times a week. It would seem that the
advantage of strength training for endurance leveled off
once a minimum strength was achieved and no further
advantage was seen. This then would explain the nega-
tive correlation between strength and endurance training
in college athletes and the positive correlation between
strength and endurance training in the disabled.

Thus, the case explored here is a special one since the
subjects were paraplegics and had little strength at the
beginning of the studies. If the subjects were able-bodied
athletes, the effect of strength on endurance training
would probably be much less pronounced than here,
where muscle strength did not even allow 1 min of cycle
ergometry against only 0.1 kPa of load. Typical non-
paralyzed subjects can sustain 4–6 kPa of load at the
onset of bicycle studies (Lind et al. 1982). Further, even
after the greatest degree of training as seen here, these
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subjects still had less than 30% of the average strength
reported for these muscle groups by ourselves in non-
disabled subjects (Lind et al. 1982). Therefore, contin-
uous strength training, while perhaps unnecessary for
the able-bodied population, was critical in increasing
cycle endurance here.

The interesting point is that for effective cycle erg-
ometry in paralyzed subjects, these data seem to point to
the need for prior and possible concurrent weight
training to achieve good clinical outcomes in terms of
endurance training in subjects with paraplegia or
quadriplegia.
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