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MAXIMIZING MUSCLE FORCE VIA LOW-CADENCE FUNCTIONAL
ELECTRICAL STIMULATION CYCLING

Ché Fornusek and Glen M. Davis

From the Rehabilitation Research Centre, Faculty of Health Sciences, University of Sydney, Sydney, Australia

Objective: This study investigated the effect of pedal cadence
upon torque production, power output and muscle fatigue
rates during functional electrical stimulation evoked cycling
in spinal cord injured individuals.

Subjects: All subjects had complete thoracic spinal cord
injuries T4-T9 (ASIA A) and had been functional electrical
stimulation training regularly for at least 6 months.

Methods: One trial (n = 8) examined a low vs high pedal rate
(20 and 50 rev-min~%) upon isolated muscle fatigue over
5 minutes. A second trial f=9) investigated the effect of
cadence (15 vs 50revmin™") upon performance during
35-minutes of functional electrical stimulation evoked
cycling.

Results: Peak torque produced by left quadriceps decayed
significantly faster at the higher pedal cadence, indicating
a higher rate of muscle fatigue. Functional electrical stimu-
lation cycling over 35 minutes also revealed that peak
and average torques were significantly greater at the lower
cadence. From 15 minutes onwards, power output was sig-
nificantly higher at 50 rev-min~! FES-cycling, compared
with 15 rev-min~2.

Conclusion: The higher muscle forces observed during
low cadence functional electrical stimulation cycling
should offer improvements over traditional pedalling
velocities for training leg strength in individuals with spinal
cord injury.

well as to provide strength and/or endurance training for the
paralysed limbs (3, 4).

Leg cycling exercise is a common FES exercise modality,
whereby computer controlled electrical stimulation elicits
contractions in the quadriceps, hamstrings and gluteal muscles
in an appropriate sequence to pedal an ergometer (5). Cycling
is a popular FES exercise because it is safe, familiar to subjects
and recruits a large lower-limb muscle mass (6, 7).

FES cycling training has been shown to produce a number
of physiological benefits in the paralysed limbs of individuals
with SCI. The benefits include increases in muscle mass and
tone (7,8), increased blood flow (9) and improved body
composition (8). After FES cycling the muscle fibre composition
and properties of paralysed muscles revert towards normal
becoming more fatigue resistant (10). FES cycling also elicits
beneficial metabolic and cardiorespiratory responses (11) and
when performed regularly can result in improved aerobic
fitness (12).

Despite these positive outcomes, FES cycling has not
gained widespread use for the ongoing rehabilitation of those
with SCI. For many patients with SCI, the expense and the
training time required outweigh any benefits gained. Typically,
individuals make progress during the first 3 months of training,
but subsequently performance plateaus thereafter (13). The
training intensity of current FES cycling systems may not be
high enough to produce continual training gains over long
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stimulation of muscle (14). Rapid fatigue restricts the exercise
load that can be applied to the stimulated muscles and the
cardiovascular system.

Pedalling cadence is one parameter of FES cycling that has
not received much previous attention. Recently, a new FES
cycle ergometer of isokinetic design (iFES-LCE) has been

Submitted September 9, 2003; accepted February 17, 2004escribed (15) that permits a wide range of cadences (5-60

INTRODUCTION

rev-min~%). The core components of the IFES-LCE consist

of a motorized ergometer, a laptop PC and a custom-designed
6-channel transcutaneous neuromuscular stimulator (for further
details see Methods section). The force—velocity relationship of

Besides muscle paralysis, spinal cord injury (SCI) leads to thenuscle (16,17) may apply to muscle contractions evoked
other degenerative sequelae including reduced cardiorespiratoguring FES cycling, leading to higher forces being generated
fitness, muscle atrophy, osteoporosis, pressure sores and poas the pedal cadence is decreased. Additionally, muscle fatigue
circulation in the affected limbs (1). Functional electrical rates may be lower at a slower pedal cadence during FES
stimulation (FES) exercise has been used for individuals withcycling. If fatigue rate does decrease at slower pedal cadences,
SCI to ameliorate or reverse these degenerative changes (2), #een low cadence cycling should produce higher muscle forces
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Table I. Physical characteristics of the subjects

Height Post injury Age Prior training
Number SCI level Gender Mass (kg) (metres) (months) (years) (per week, months)
1 T4 F 53 1.67 56 36 2/week, 12
2 T9 M 66 1.74 48 23 3/week, 18
3 T5 M 49 1.67 97 36 3/week, 72
4 T8 M 70 1.73 102 48 2/week, 6
5 T8 M 70 1.70 208 38 3/week, 24
6 T4/T5 M 60 1.67 41 27 2/week, 6
7 T4 M 60 1.64 37 55 3/week, 12
8 T4 F 80 1.65 45 27 2/week, 12
9 T10 M 75 1.76 54 47 2/week, 12

during FES-cycle training. Higher muscle forces may, in turn, consistent to ensure that muscle fibre recruitment was similar within
lead to improved muscle strength training outcomes (4). trials.
The purpose of this study was to determine the effect Of&udy design

varying th? FES-evoked pedalling cadence upon the, rate 9 WO separate trials were conducted to investigate a slow (15-20
muscle fatlgue, mUSCIe force and pOWer Output. To aChleVe th|$ev.min’1) vs a fast (50 revmin’l) peda| cadence upon torque

purpose, FES cycling was performed at 2 different cadencegroduction and power output during FES cycling. Torque and power
for both a 5 minute isolated muscle “fatigue test’ and aoutputwere calculated by the iIFES-LCE. Two trials were used because
. - T ; it was not possible to make all of the desired measurements in a single
35-minute “typical” FES training session. trial. The first trial examined the effect of pedalling cadence upon
isolated muscle fatigue over a short duration. The torque and power
output produced by the left quadriceps muscle was measured during
5- minutes of FES cycling. Five minutes of iFES-LCE exercise was
MATERIAL AND METHODS chosen because our pilot data and previous research studies (19, 20)
had suggested that during FES training the majority of fatigue occurs
Subjects within the first 5 minutes. The second trial investigated torque and
power output produced by the left quadriceps alone and by the
quadriceps, hamstrings and glutei during prolonged FES-cycling (35
minutes). This 35-minute trial was designed to assess whether different
edal cadences, conducted over a “typical” FES training session, might
onfer different benefits to the SCI individual.

All subjects had complete thoracic spinal cord injuries T4-T9 (ASIA A)
and were in the age range 23-55 years (3184 years). The physical
characteristic of each individual subject are shown in Table I. All
subjects were experienced with FES cycling and had been FES training
regularly for at least 6 months.

] Trial 1: isolated muscle fatigue vs pedal cadence
IFESLCE ergometer during 5-minute iIFES-LCE

A recently-developed isokinetic FES leg cycle ergometer (iFES-LCE)Fjye-minute iFES-LCE tests were performed with the left quadriceps
was used for this study (15, 18). The iFES-LCE system consisted ofpyscle alone at cadences of 20 and 50 rein~* (n=8). Cadence
the following components: a laptop computer system, cycling controltesting order was randomized. Each cadence was tested on a different
software, a microcontroller driven 6-channel transcutaneous Neurogay with a maximum of 7 days between tests. Stimulation was applied
muscular stimulator (DS2000) and a motorized cycle ergometer modulgg the left quadriceps muscle between the angles of 300-Rf the
(MOTOmed Viva, Reck, Germany). The motorized cycle ergometerirES.-|.CE, zero degrees was defined when the respective crank was at
module possessed speed control circuitry to maintain a user presgbp dead centre. Only 1 muscle group was used to allow calculation
pedalling cadence up to 60 rewmin™" in 1rev-min~" steps. The cycle  of meaningful peak torques from the iIFES-LCE (15). Stimulation
ergometer module sent data (i.e. crank position, crank velocity anthmplitude was ramped up to 110 mA within the first 10 seconds of the
motor current) to the computer via RS-232 serial transfer® Hz. trial and maintained constant over 5 minutes. Crank torque and velocity
Using the ergometer data, the computer system directed the DS200§ata were recorded from the ergometer at a sample rate of 60 Hz.
muscle stimulator to stimulate muscle contractions at the appropriateassive cycling data, i.e. when no stimulation was applied, was recorded
crank angles and specified intensity to produce leg cycling exercisepefore and after left quadriceps FES cycling for the purpose of
From the motor current and crank velocity data the computer accurately.aculating “true” crank torques and power outputs (15). Every
calculated the pedal torque and external power output exerted by thg 5 min, a 10-second segment of data was analysed to provide a
subjects. representative measurement at that time point. Analysis of the data
segments has been described in subsequent section.
Neuromuscular stimulation
Neuromuscular electrical stimulation consisted of mono-phasic rectan] 1@ 2: muscle fatigue vs pedal cadence over 35-minute iIFESLCE
gular pulses at a frequency of 35Hz and pulse width of 260 The second trial investigated the effect of pedalling cadence on crank
Stimulation amplitude was fixed (Trial 1, 80 mA) or varied according torque and power output over 35 minutes of iIFES-LCE at cadences
to a set time protocol (Trial 2, 70-140 mA). Since muscle stimulation of 15, 30 and 50 revmin™" (n=9). The torque and power data of the
angles were fixed, the stimulation duty cycle was constant and all30 rev-min~* trial lay between those of 15 and 50 rewin~*, and for
muscles received the same total stimulation time regardless of théhe purpose of simplicity and clarity these data were not displayed
pedalling cadence employed. Stimulation was delivered via Empi gelin the results. This trial explored the potential benefits that training
backed self-adhesive surface electrodes that were placed over the bellias different FES-cycling cadences might confer. Cadence testing order
of the quadriceps (SE6350:35" oval electrodes), hamstrings (SE6350) was randomized. Each cadence was tested on a different day with a
and glutei muscles SE5240;:23.5" rectangular electrodes). Electrode maximum of 7 days between tests. Stimulation amplitude was closely
placement was measured during the first session of each trial and kegbntrolled for subject comfort, reproducibility and to mimic stimulation
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Maximizing FES cycling muscle force 3

levels during a “typical’ FES-training session. Stimulation amplitude 12 -
was initially set to 70 mA, then linearly increased to reach 140 mA by

5 minutes. During the session the quadriceps (300-3tamstrings
(60-160) and gluteal (6-73 muscle groups of both legs were
stimulated to produce FES cycling. Every 5 minutes, 12-second torque~
and crank velocity samples were recorded from the combined musclesy s -
the left quadriceps and passive cycling (no stimulation). To measure Iefg
quadriceps data, stimulation to all other muscles was temporarily%
suspended. Similarly, for passive cycling measurements it was necessaly
to suspend stimulation to all muscles. The passive torque measureme
from the iIFES-LCE were used to calculate the net torque generated by 4 -
the muscles as has been previously described (15). Passive torques wétre
measured regularly during each test, since changes in leg tone or seating
position might have altered the passive data, and this would have been
reflected in the net torques generated by leg muscles over 35 minutes.

For both trials, instantaneous peak torques (Nm) and average torques 0 - T w T T 1
(Nm) during one complete pedal revolution were measured. Power 0 1 2 3 4 5
outputs (W) were calculated as the product of instantaneous torque
and pedal velocity, ensemble-averaged over a single pedal revolution.

Total work (kJ) over 5 minutes or 35 minutes of FES cycling was Fjg 1. peak crank torque generated by L. quadriceps (110 mA) at

10 A

Time {min)

calculated from power output and time. cadences of 20 (diamond, y = 3.99.71e %) and 50 revmin™*
(square, y = 2.16 8.02¢ %%y over 5 minutes. The values plotted

Satistical analyses are means: SE. *Significant difference between meaps<0.05).
Time-series data for torque production and power output were plotted
and descriptive statistics were subsequently derived. Repeated measures 45 -
ANOVA were used to determine whether the time main effect and
time x cadence interactive effects were significant for both the 5-minute *
and 35-minute trialsA posteriori within-subjects Reverse Helmert 107
contrasts were employed to determine which time points were signifi- B
cantly different from their predecessors during each trial. 8 -

To test the hypothesis that quadriceps peak torque and power decaygv
rate was significantly affected by pedal cadence, the following steps 5 ¢ |
were performed on the 5-minute data. First, for each subject and at &
each cadence (20 and 50 rewin™ "), the time series data were fittoan &
exponential decay equation of the form: 47 * N

Y = Y0 + AelB¥ 5]

YO0, A, and B were exponential decay coefficients describing the “shape”
of each subject’s time-series peak torque and power data. B was the 04

decay constant which described the non-linear decay rate of the curve. 6 1 2 3 :1 5
Subsequently, the decay coefficients, theaRd SE estimates of the ] )
regression were contrasted between 20 nein* and 50 revmin~?! Time (min)
using paired-tests. . .
Statistical results were taken to be significanpit 0.05. Data are ~ F19- 2. Power generated by L. quadnceg)s (110 mA) at cadences

; b - 0.35
shown as meatt SE. All analyses were undertaken using SPSS 11.50f 20 (d'amQ';‘%a y=1.36-3.53¢ and 50 (square,
statistical package. y=1.60+8.25¢ "°"yrev-min~* over 5 minutes. The values

plotted are means SE. *Significant difference between means

(p<0.05).
RESULTS The initial power outputs (Fig. 2) at 50 remin~* were twice
Trial 1: isolated muscle fatigue vs pedal cadence those produced at 20 remin " (9.4 3.6 W vs 4.7 1.6 W,
during 5-minute iFES-LCE respectively). The power output was significantly higher at

50 rev-min~t for the first minute, but significantly lower

At both cadences, instantaneous peak - torque prOdUCtioP)etween 1.5 and 2.5 minutes. The decay constants of the power
demonstrated an exponential decay that fitted to the form ) ) ' y P

. . . output time-series data were significantly different between 20
described above (Fig. 1). Initially, peak crank torques were N . L L
. LT g and 50 revmin~ . This was not surprising, considering the
similar at 20 revmin " (10.5+3.1Nm) and 50 revmin earlier torque decay results and that power output is directl
(9.7+ 3.2 Nm). Peak crank torque at 20 rewin~* decreased q Y P P Y

. . . rel r r ion. Th | work of FES-cycling over
less than that at 50 remin~* from the first minute onwards. elated to torque productio e total work o S-cycling ove

L 5 minutes was 15% greater at 50 rewin~t compared with
The torque decay constant (B) was significantly greater for ° 9 P

i1
50 rev-min~! compared with 20 revmin™! (0.96 vs 0.55), 20 rev-min = (1.0740.09 vs 0.93¢ 0.10,p < 0.05).

supporting our hypothesis that peak torque decayed faster at

the higher cadences. The exponential decay equations fit th&rial 2: muscle fatigue vs pedal cadence over 35-minute

torque decay data well (average€ R0.96), but the SE esti- IFESLCE

mates for the regression were significantly greater for theThroughout the 35-minute trial, the peak crank torques

50 rev- min~* torque curves (0.59 vs 0.32 Nm). generated by the left quadriceps at 15nen ' were

J Rehabil Med 36

J Rehab Med-ULL TEXT SGML Ms: 620 {NAME} {F1}
Produced on 22/03/2004 at 21:27:10
File: p:/page_bro-wip/Sreh/620/sreh620.3d Page3-7 :: 7 pps




4 C. Fornusek and G. M. Davis

Table II. Peak crank torque and crank power generated by L. quadriceps (LQ) during functional electrical stimulation (FES) cycling
sessions at cadences of 15 and 50 rev- min~*. The values plotted are means+ SE

Measure Cadence 5 minutes 10 minutes 15 minutes 20 minutes 25 minutes 30 minutes 35 minutes

LQ torque 15 revmin~* *8.0+0.4 *6.5+£0.3 *6.1+0.2 *5.9+0.3 *5.4+£0.3 *4.8+0.3 *4.1+0.3
50 rev- min—* 3.8£0.3 3.6+0.1 3.5+0.2 3.5+0.2 3.4+0.2 2.9+0.2 2.6+0.2
LQ power 15 revmin* 27+0.2 *2.1+0.1 *1.9+0.1 *1.7+£0.1 *1.6+0.1 *1.3+0.1 *1.1+0.1

50 rev-min~t 3.0+04 2.6+ 0.1 2.7+0.1 2.5+0.2 2.4+ 0.1 1.9+0.1 1.7+0.1
*p < 0.05.
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Fig. 3. Average crank torque sampled during FES cycling training F19. 4. Crank power during FES cycling training sessions at
se%sions at cgadences of qlS (diam%nd), andQSOmiw’ (sq%are). ¢ cadences of 15 (diamond), and 50 revn—* (square). The smaller
The smaller points represent data sampled every 30 seconds. TIRQINtS represent data sampled every 30 seconds. The larger points
larger points represent data sample every 5 minutes. The thick linESPresent data sample every 5 minutes. The thick line represents the
represents the stimulation amplitude (mA). The values plotted aréfimulation amplitude (mA). The values plotted are mearSE.
meanst SE. *Significant difference between meas<(0.05). Significant difference between mears< 0.05).

significantly greater than those generated at 50mew * exercise, with torque at the lower cadence decaying more

(Table II). Average torque for cycling with the isolated left slowly. Based on the comparative torque data between cadences
quadriceps (data not shown) and for all muscle groups (Fig. 3at t = 0 the results suggest that the fatigue rate had a much more
was significantly higher at 15 remin than 50 revmin~at  significant effect on torque levels than the force-velocity
every time point during the 35-minute session. The mearrelationship. The reduced fatigue rate also impacted on the 35-
torque produced by all muscle groups over the whole sessiominute session torque data with much higher peak and average
was significantly greater at 15 remin~! (3.84+ 0.3 Nm) than  torques generated at the lower cadence by both the isolated
50 rev-min~! (1.5+ 0.3 Nm). quadriceps and all muscles combined. During the 35-minute
From 10 minutes onward left quadriceps power (Table Il) session, at 50 remin~! the muscles were already severely
at 50 rev min~! was significantly greatemp(< 0.05). Over the fatigued after 5 minutes, whereas at 15min~! the leg
35-minute session the left quadriceps produced an average ofiuscles were relatively fresh and continued to demonstrate a
2.4 W at 50 revmin—?, which was significantly more than the slow rate of fatigue throughout the session. However, greater
1.8 W produced at 15 rewnin™™. power outputs and work levels were observed at the higher
Power data from FES cycling with all muscles (Fig. 4) cadences, especially towards the end of the session. The subjects
showed a similar pattern to cycling with left quadriceps only. tested in this study were well trained and most likely possessed
Power output became significantly greater at 50 rein~* from some fatigue resistant muscle fibres. Nonetheless, we would
the 15th min. The total work produced over 35 minutes of have expected the trend of these results to hold if untrained SCI
iIFES-LCE was 26% significantly higher at 50 rewin~*thanat ~ muscle was used.
15 rev-min~* (16.614 1.14 kJ vs 13.2% 1.16 kJ,p < 0.05).

Fatigue rate

The reason that muscle fatigue rate increased at the faster
DISCUSSION . o reased &
pedalling cadences was most likely the stimulation period, but
The 5-minute trial demonstrated that pedalling cadence had amay also have been related to differences in limb angular
significant effect upon torque production during iFES-LCE velocity. A significant difference in the muscle stimulation
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Maximizing FES cycling muscle force 5

delivered at different pedalling cadences is the length of theconsumption) that are associated with faster pedal cadences
contraction-relaxation period, which for FES cycling is in- (28) may confer superior potency of cardiovascular training
versely related to the pedalling cadence (i.e. high cadences hawuring FES-cycling.

a short contraction—relaxation periods). For intermittent iso- To a certain extent the “optimal” training program, with
metric contractions, shorter contraction—relaxation periodsrespect to muscle vs muscle power training depends upon the
result in more rapid force decline (21,22). The only other needs of the each SCI individual. Theoretically large forces
difference between the experimental trials performed in themight develop better bone density and more hypertrophy giving
current study was leg angular velocity. Timing considerationsresistance to fractures and pressure sores. Tetraplegics or those
and the force rise times of muscle mean that the contractiomvho cannot perform voluntary arm cranking might prefer to
angles and distance of sarcomere shortening would have beearse high power FES cycling to improve cardiovascular fitness.
slightly affected by cadence, but this should not have greatlyHowever, due to the poor condition of SCI muscle, even FES
affected the results. A previous study (23) that investigatedtrained muscle, we believe the muscle can be trained for both
the relationship between knee velocity and FES fatigue ratestrength and endurance.

observed that fatigue increased in proportion to the velocity. Further research measuring physiological and cardio-respir-
The relative contributions of stimulation period vs leg angular atory data, as well as long-term training studies are necessary
velocity to the different fatigue rates cannot be delineated withinto investigate the advantages of training at different cadences.

the current study. Past FES training programs (7, 29) have often used a FES leg
S extension program for building strength followed by FES
Clinical implications cycling training to build strength and endurance. The strength

When selecting a training cadence, there is a trade-off betweetraining potency of FES cycling at traditional cadences (35—
power output and muscle force, i.e. lower cadence training will50 rev- min™-) is probably reduced due an increased fatigue rate.
develop more muscle force but less power. If both high muscle forces and powers are required for optimal
Higher torques imply higher muscle forces were generatedtraining then FES cycling training at multiple cadences on the
Higher muscle forces during FES exercise has been shown teame or different days is a convenient way to achieve both
increase electrically elicited muscle strength at a greater ratstrength and endurance training. Another alternative would be
than low resistance exercise (24). Therefore, lower cadencéeg extension training and FES cycling but this would require
training should offer improved “doses” of strength training. additional cost and set-up time. FES cycling at low speed
An increased load on the lower limbs, through low cadenceshould offer equivalent strength training to leg extension but
training, may provide other benefits, for example improvementshave the additional advantage of training the quadriceps,
in bone density. Past evidence for FES cycling improving bonehamstrings and gluteal muscle groups. If multi-cadence training
density is unclear. These previous FES cycling studies weravithin the same session is employed, the order of training is
performed at cadences around 50-nmin~! where our data important; low cadence training should be employed first to
suggest muscle forces are low. Some studies indicate nensure that the high force strength training takes place before
improvement (25, 26), while one has shown a bone densitgthe muscle is fatigued.
improvement in the proximal tibia (27). However, in Bloomfield
et al. (25), a subset of subjects who were able to train at higher
resistances (power outpitl8 W) significantly increased their CONCLUSION

bone density in the distal femur. If resistance level is the criteria ) )
for improving bone density then subjects not capable ofin conclusion we have observed that FES pedalling cadence

generating the forces required to improve bone density af@ Pe an important criterion in FES cycle training. Low
50 rev-min~ could possibly generate enough while training at a€adence training may be optimal for strength training while
slower cadence. higher cadences may be best for power training. To confirm

Muscular endurance and cardiorespiratory fitness training® Penefits that slow cadence-high force training offers over
may not necessarily be maximized under a low cadence training2ditional FES cycling cadences (35-50 renin) a prospec-
regime. Training at a higher cadence and the resulting highepve training study would be required. Further investigation
power outputs may be best for training cardiorespiratory benefit&Ust also be made into the effect of FES cycling cadences
or muscle power. In the 5-minute isolated muscle trial and the®" Other physiological responses, such as cardiorespiratory
35-minute “typical” FES exercise session, total work of cycling '¢SPonse and fitness.
was 15-26% greater at the faster pedal cadence. It is important
to recognize the direct relationship between mechanical total
work (kJ) and physiological energy expenditure. A greater total ACKNOWLEDGEMENTS

work, implying higher energy expenditure, may be beneficial This research was completed as a component of Mr C. Fornusek’s

for exercise targeted to body weight reduction via fat loss.PhD degree. We thank Dr Peter Sinclair for useful suggestions about
. . . . the final manuscript. This study was funded by an Australian
Ultimately, both the higher gross energy expenditure (i.e. totalzgsearch Council APAI-Scholarship and the Motor Accidents

kJ) as well as the increased rate of energy utilization (i.e. oxygemuthority (NSW).

J Rehabil Med 36

J Rehab Med-ULL TEXT SGML Ms: 620 {NAME} {F1}
Produced on 22/03/2004 at 21:27:11
File: p:/page_bro-wip/Sreh/620/sreh620.3d Page5-7 : 7 pps




10.

11.

12.

13.

14.

15.

. Fitzwater R. A personal user's view of functional electrica

. Bremner LA, Sloan KE, Day RE, Scull ER, Ackland T. A clinical

. Hjeltnes N, Aksnes AK, Birkeland Kl, Johansen J, Lannem A

. Gerrits HL, de Haan A, Sargeant AJ, van Langen H, Hopman MT.

C. Fornusek and G. M. Davis

REFERENCES

. Bauman WA, Spungen AM, Adkins RH, Kemp BJ. Metabolic and 16.

endocrine changes in persons aging with spinal cord injury. Assist
Technol 1999; 11(2): 88—96.

. Gordon T, Mao J. Muscle atrophy and procedures for training after

spinal cord injury. Phys Ther 1994; 74(1): 50-60.

. Petrofsky JS, Stacy R, Laymon M. The relationship between

exercise work intervals and duration of exercise on lower extremity
training induced by electrical stimulation in humans with spinal cord
injuries. Eur J Appl Physiol 2000; 82(5-6): 504-509.

. Hartkopp A, Harridge SD, Mizuno M, Ratkevicius A, Quistorff B, 19.

Kjaer M, et al. Effect of training on contractile and metabolic
properties of wrist extensors in spinal cord-injured individuals.
Muscle Nerve 2003; 27(1): 72-80.

. Petrofsky JS, Phillips CA, Heaton HH 3rd, Glaser R. Bicycle
I 21.

ergometer for paralyzed muscle. J Clin Eng 1984; 9(1): 13-19.
stimulation cycling. Artif Organs 2002; 26(3): 284—-286.

exercise system for paraplegics using functional electrical stimula-
tion. Paraplegia 1992; 30(9): 647—655.

Wallberg-Henriksson H. Improved body composition after 8 wk of 23.
electrically stimulated leg cycling in tetraplegic patients. Am J
Physiol 1997; 273(3 Pt 2): R1072-1079.

Peripheral vascular changes after electrically stimulated cycle
training in people with spinal cord injury. Arch Phys Med Rehabil
2001; 82(6): 832—-839.

Gerrits HL, de Haan A, Sargeant AJ, Dallmeijer A, Hopman MT. 55

22.

isokinetic functional electrical stimulation cycle ergometer. Neuro-

modulation 2004; 7(1): in press.

Westing SH, Seger JY, Thorstensson A. Effects of electrical
stimulation on eccentric and concentric torque-velocity relation-

ships during knee extension in man. Acta Physiol Scand 1990; 140:
17-22.

17. Wilke DR. Relation between force and velocity in human muscle.

J Physiol (Lond) 1950; 110: 249-280.

18. Theisen D, Fornusek C, Raymond J, Davis GM. External power

output changes during prolonged cycling with electrical stimulation.
J Rehabil Med 2002; 34(4): 171-175.

Sinclair P. Forward dynamic modelling of cycling for people with

spinal cord injury. Sydney: University of Sydney; 2001.

20. Gerrits HL, De Haan A, Hopman MT, van Der Woude LH, Jones

DA, Sargeant AJ. Contractile properties of the quadriceps muscle in
individuals with spinal cord injury. Muscle Nerve 1999; 22(9):
1249-1256.

Bergstimm M, Hultman E. Energy cost and fatigue during
intermittent electrical stimulation of human skeletal muscle.
J Appl Physiol 1988; 65(4): 1500-1505.

Hogan MC, Ingham E, Kurdak SS. Contraction duration affects
metabolic energy cost and fatigue in skeletal muscle. Am J Physiol
1998; 274(3): E397-402.

Frankel HM, Veltink PH, Fidder M, Boom HK. Fatigue of
intermittently stimulated paralyzed human quadriceps during
imposed cyclical lower leg movements. J Electromyogr Kinesiol
1993; 3(1): 3-12.

24. Belanger M, Stein RB, Wheeler GD, Gordon T, Leduc B. Electrical

stimulation: can it increase muscle strength and reverse osteopenia
in spinal cord injured individuals? Arch Phys Med Rehabil 2000;
81(8): 1090-1098.

25. Bloomfield SA, Mysiw WJ, Jackson RD. Bone mass and endocrine

Altered contractile properties of the quadriceps muscle in people
with spinal cord injury following functional electrical stimulated
cycle training. Spinal Cord 2000; 38(4): 214-223. 6

adaptations to training in spinal cord injured individuals. Bone 1996;
19(1): 61-68.

26. Eser P, De Bruin ED, Telley |, Lechner HE, Knecht H, Stussi E.

Hooker SP, Figoni SF, Glaser RM, Rodgers MM, Ezenwa BN,
Faghri PD. Physiologic responses to prolonged electrically stimu-
lated leg-cycle exercise in the spinal cord injured. Arch Phys Med
Rehabil 1990; 71(11): 863-869. 27
Hooker SP, Scremin AM, Mutton DL, Kunkel CF, Cagle G. Peak
and submaximal physmloglc responses following electrical stimula-
tion leg cycle ergometer training. J Rehabil Res Dev 1995; 32(4):
361-366.

Janssen TGR, Almeyda J, Pringle D, Matthews T. Improving
FES-leg cycle ergometer performance in individuals who have
plateaued during long-term training. RESNA '96 Proceedings; 1996,
p. 112.

Mizrahi J. Editorial: fatigue in functional electrical stimulation in
spinal cord injury. J Electromyogr Kinesiol 1997; 7(1): 1-2.
Fornusek C, Davis GM, Sinclair P, Milthorpe B. Development of an

J Rehabil Med 36

J Rehab Med-ULL TEXT SGML Ms: 620
Produced on 22/03/2004 at 21:27:12
File: p:/page_bro-wip/Sreh/620/sreh620.3d

{NAME}

28.

20.

Effect of electrical stimulation-induced cycling on bone mineral
density in spinal cord-injured patients. Eur J Clin Invest 2003; 33(5):
412-419.

. Mohr T, Podenphant J, Biering-Sorensen F, Galbo H, Thamsborg G,

Kjaer M. Increased bone mineral density after prolonged electrically
induced cycle training of paralyzed limbs in spinal cord injured man.
Calcif Tissue Int 1997; 61(1): 22—-25.

Ferguson RA, Ball D, Krustrup P, Aagaard P, Kjaer M, Sargeant AJ,
et al. Muscle oxygen uptake and energy turnover during dynamic
exercise at different contraction frequencies in humans. J Physiol
2001; 536(Pt 1): 261-271.

Arnold PB, McVey PP, Farrell WJ, Deurloo TM, Grasso AR.
Functional electric stimulation: its efficacy and safety in improving
pulmonary function and musculoskeletal fitness. Arch Phys Med
Rehabil 1992; 73(7): 665-668.

{F1}

Page 6 — 7 7 pps



Maximizing FES cycling muscle force 7

\
QUERIES TO BE ANSWERED BY AUTHOR

IMPORTANT NOTE: Please mark your corrections and answers to these queries
directly onto the proof at the relevant place.
Do NOT mark your corrections on this query sheet

Query no. Query

T ... Ref. 13 [Author: place of publication?]
2. ... Ref. 15 [Auhor: details now?]
3. Fig. 3 [I.D.] Yy

J Rehabil Med 36

J Rehab Med-ULL TEXT SGML Ms: 620 {NAME} {F1}
Produced on 22/03/2004 at 21:27:12
File: p:/page_bro-wip/Sreh/620/sreh620.3d Page 7-7 : 7 pps




