
The Effectiveness of Progressively Increasing Stimulation
Frequency and Intensity to Maintain Paralyzed Muscle Force
During Repetitive Activation in Persons With Spinal Cord Injury

Li-Wei Chou, PhD, Samuel C. Lee, PhD, Therese E. Johnston, PhD, and Stuart A. Binder-
Macleod, PT, PhD
From the Biomechanics and Movement Science Program (Chou, Binder-Macleod) and the
Department of Physical Therapy (Lee, Binder-Macleod), University of Delaware, Newark, DE; and
Research Department, Shriners Hospitals for Children, Philadelphia, PA (Lee, Johnston).

Abstract
Objective—To compare the effectiveness of progressively increasing stimulation intensity,
progressively increasing frequency, or progressively increasing both frequency and intensity on
paralyzed quadriceps femoris muscle force maintenance during repetitive activation.

Design—Factorial design with different stimulation protocols as independent variables.

Setting—A muscle performance laboratory.

Participants—People (N=8) with spinal cord injury (SCI) (age, 14.63±1.77y).

Interventions—Not applicable.

Main Outcome Measure—Number of contractions when the peak force was 90% or more of a
subject’s maximal twitch force.

Results—The protocol involving progressively increasing stimulation intensity and then frequency
generated more successful contractions (189.88±53.33) than progressively increasing the frequency
followed by intensity (122.75±26.56 contractions). Regardless of the order, progressively increasing
both intensity and frequency generated more successful contractions than progressively increasing
intensity (97 contractions) or frequency (62 contractions) alone.

Conclusions—Our findings suggest that during repetitive electric activation, progressively
increasing both stimulation frequency and intensity can produce more successful contractions than
progressively increasing only frequency or intensity. These findings can help researchers and
clinicians design more effective stimulation protocols for persons with SCI during functional electric
stimulation applications.
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The use of electric stimulation to produce purposeful and controlled muscle contractions to
restore functional movements for patients with upper motoneuron lesions is termed functional
electric stimulation (FES).1 FES has been used to help patients perform functional movements
such as standing or walking after stroke2,3 or spinal cord injury (SCI)4–10 and has been added
into gait training protocols to improve walking function.11 Although FES has the potential
advantage of improving functional mobility for people with upper motoneuron lesions, it has
not gained widespread clinical popularity because of limitations such as rapid muscle fatigue.
12–14

Possible factors contributing to the rapid muscle fatigue observed during FES are differences
in motor unit activation during voluntary versus electrically elicited contractions and changes
in skeletal muscle after upper motoneuron lesions. During electric stimulation, the same motor
unit population is usually recruited if the stimulation intensity is kept constant15 and, in contrast
to voluntary contractions, all of the recruited motor units are activated synchronously. Also,
because of the inverse relationship between neuron axial resistance and fiber diameter,16 larger
motoneurons are more likely to be activated than smaller ones, resulting in the preferential
recruitment of the more fatigable motor units during electric stimulation.17–19 This repetitive
activation of the same motor unit population and the preferential recruitment of larger and more
fatigable units cause more rapid muscle fatigue during electric stimulation compared with
voluntary contractions. In addition, muscular atrophy and a shift in muscle fiber type
composition toward predominantly fatigable fibers occur after SCI,20–22 resulting in an
increase in muscle fatigability23–25 and contributing to the rapid muscle fatigue observed
during the application of FES.

During voluntary contractions, the central nervous system controls muscle force by modulating
both the activation frequency (rate-coding) and the number of activated motor units
(recruitment).26,27 In contrast, most FES systems use a constant stimulation frequency and
only modulate intensity to recruit motor units and control muscle force output.13,28–31
Although not currently used by clinical FES systems, it has been reported that increasing
stimulation frequency was effective in maintaining muscle force production during repetitive
electric stimulation.32,33 Kebaetse et al compared the number of knee excursions that exceed
a targeted angle using stimulation strategies with and without frequency modulation for both
able-bodied subjects32 and subjects with SCI.33 Their results showed that by switching from
a lower to a higher stimulation frequency, human quadriceps femoris muscles produced more
knee excursions that exceeded a target angle compared with repetitive stimulation at a constant
frequency or by switching from a higher to a lower frequency. Kebaetse’s results indicate the
importance of rate-coding in maintaining muscle force production during electrically elicited
contractions and suggest that frequency modulation should be considered for the application
of FES.

The effectiveness of increasing stimulation frequency and intensity on maintaining force
production of the quadriceps femoris muscles of able-bodied people during electrically elicited
contractions has been recently investigated in our laboratory.34 Five different stimulation
strategies, including progressively increasing frequency, progressively increasing intensity,
and 3 protocols that progressively increased the intensity and then progressively increased the
frequency using one of 3 different starting frequencies (20, 30, 40Hz) were investigated. With
the use of a real-time feedback controller, stimulation frequency and intensity were increased
progressively to maintain the quadriceps muscle’s peak forces above a targeted force level.
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Our results show that starting at 30Hz and progressively increasing the intensity and frequency
allows the muscle to maintain peak forces for a longer period of time compared with the other
stimulation strategies. In addition, progressively increasing the frequency produced more
successful contractions than increasing the intensity.

To date, however, no study to our knowledge has reported the effectiveness of progressively
increasing both the stimulation frequency and intensity to overcome the rapid muscle fatigue
seen in muscles of paralyzed people during repetitive electric stimulation. Thus, the purpose
of this study was to compare the effectiveness of progressively increasing stimulation intensity,
progressively increasing frequency, or progressively increasing both on paralyzed quadriceps
femoris muscle force maintenance during repetitive activation. We hypothesized that (1)
progressively increasing stimulation frequency would produce more contractions that meet or
exceed a targeted level (successful contractions) than progressively increasing the intensity,
(2) progressively increasing both intensity and frequency would produce more successful
contractions than progressively increasing intensity or frequency only, and (3) the best
stimulation strategy to maintain muscle forces for the longest period of time would
progressively increase first the stimulation intensity and then the frequency. The findings of
this study may be important in providing guidelines for improving FES applications.

METHODS
Participants

Five boys and 3 girls (age, 14.63±1.77y) with SCI and American Spinal Injury Association
grade A or B (motor complete lesions) were recruited from the pool of previously screened
subjects with SCI who have agreed to participate in research studies at Shriners Hospital for
Children, Philadelphia, PA. The use of subjects with complete motor lesions allowed us to
isolate the effects of electric stimulation without the contribution of voluntary contractions.
Subjects and their parents or guardians were made aware of the nature of the research, the
procedures, and the potential risks involved. Parents then signed an informed consent form
approved by the Human Subjects Review Board of University of Delaware and the institutional
review board of Temple University. In addition, each subject signed an approved assent form.

People with SCI were excluded from this study if they failed to meet any of the following
inclusion criteria: (1) motor complete thoracic or cervical level SCI; (2) 7 to 25 years old; (3)
at least 10 months post-SCI and neurologically stable; (4) no history of heart disease, peripheral
vascular disease, neoplasms, or any neurologic disorder affecting lower extremities, such as
cerebrovascular accident and multiple sclerosis; (5) no previous knee joint injury, including
arthritic conditions; (6) not pregnant; or (7) minimal or no flexor withdrawal response to electric
stimulation of the quadriceps femoris muscles.

A screening process was performed to determine if strong and unwanted reflexive responses
exist when electric stimulation was applied. A series of stimulation trains with different
stimulation frequency and intensity combinations was delivered to the quadriceps muscles at
a rate of approximately 1 train every 5 to 10 seconds. The stimulation trains were 1 second
long with frequencies of 1, 14, and 33Hz. The reflexive response was considered strong if the
stimulation produced no increase in force with increasing stimulation intensity or if there was
unwanted muscle activity such as hip or knee flexion and/or ankle dorsiflexion or plantarflexion
force noise that made reading forces from the quadriceps difficult and the unwanted muscle
responses did not accommodate to repetitive electric stimulation. All 8 subjects tested showed
minimal or no flexor withdrawal responses to electric stimulation of the quadriceps femoris
muscles.
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Equipment and Experimental Setup
Subjects were seated on a computer-controlled dynamometer III 500-11a with hips flexed to
approximately 85° and knees flexed to 65°. The trunk, waist, and thigh were stabilized using
inelastic straps with self-adhesive (Velcro) closures. The axis of the dynamometer was aligned
with the axis of each subject’s knee joint. Isometric muscle forces for right quadriceps femoris
muscles were measured by a force transducer placed against the anterior aspect of the tibia,
with the lower edge of the transducer pad positioned 2.5cm proximal to the lateral malleolus.
A Grass model S8800 electric stimulator and an SIU8T stimulus isolation unitb were used to
deliver electric stimulation to the quadriceps femoris muscles. A personal computer equipped
with a PCI-6Q24FDAQ board,c a PCI 6602 counter-timer board,c and custom-written
LabView softwarec was used to control the timing of all pulses during testing. Although
stimulation intensity can be modulated by varying either pulse amplitude or duration, pulse
duration modulation was chosen in the present study because it was easier to control and
required less charge per stimulus pulse compared with stimulation amplitude modulation.35
A custom-made pulse-duration control switch was connected in series with the Grass stimulator
for the modulation of pulse duration. Two 7.6 × 12.7–cm, self-adhesive electrodesd were used
for electric stimulation. The electrode connected to the anode of the stimulator was placed over
the motor point of the rectus femoris, and the cathode was placed over the motor point of the
vastus medialis.36

Experimental Procedures
Each subject participated in 2 testing sessions; sessions were separated by a minimum of 48
hours (fig 1). Each session involved one of the 2 fatiguing protocols and the order for testing
each protocol was randomly assigned to each subject.

At the beginning of each session, each subject’s maximal twitch force was determined. A single
600-µs stimulation pulse was delivered every 10 seconds while the stimulation voltage was
increased from 0V to a maximum of 135V in 5-V increments until a plateau in the maximum
peak twitch force occurred. After determining the maximal twitch force, the stimulation voltage
was adjusted to produce tetanic force equal to the subject’s maximal twitch force level using
a 1-second, 100-Hz stimulation train (pulse duration, 600µs). The maximal twitch force of
persons with SCI is approximately 20% to 25% of their maximum tetanic force,23,37 so the
force level tested was relatively low and safe. Next, a series of 1-second–long stimulation trains
with different frequency (12.5, 20, 33.3, 50, or 80Hz) and intensity (150, 250, 350, or 600µs)
combinations were delivered to the quadriceps femoris muscles to determine the force-
frequency and force-intensity relationships for each subject. These 20 testing trains were
delivered in a random order at the rate of 1 train every 10 seconds to avoid fatigue and then
were repeated in a reversed order. (The same random order was used for all subjects.) The
force responses to the train with the same frequency and intensity were averaged and plotted
to obtain each subject’s force-frequency and force-intensity relationships, which were then
used to determine the required increments in stimulation frequency and intensity to maintain
muscle peak force output for each subject (appendix 1).

After calculating the frequency and intensity modulation steps for a subject, stimulation
amplitude was readjusted using a series of 300-ms–long, 60-Hz stimulation trains (pulse
duration, 600µs). Stimulation amplitude was gradually increased until the peak force reached

aKinCom; Chattecx Corp, 6426 Morning Glory Dr, Harrison, TN 37341.
bGrass Technologies, Astro-Med Industrial Pk, 600 E Greenwich Ave, West Warwick, RI 02893.
cNational Instruments, 11500 N Mopac Expwy, Austin, TX 78759-3504.
dVersa-Stim; Conmed Corp, 525 French Rd, Utica, NY 13502.
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twice the subject’s maximal twitch force (2 by maximal twitch force). The amplitude was then
held constant for the remainder of the session.

Next, one of the fatiguing protocols was tested. For both fatiguing protocols, each train was
300ms long, the starting frequency was 30Hz, and stimulation trains were delivered at a rate
of 1 train every 1.1 seconds. The starting stimulation intensity was determined by adjusting
the pulse duration to produce a peak force equal to the subject’s maximal twitch force. In each
of the fatiguing protocols, the stimulation frequency or intensity was increased progressively
each time when the peak forces dropped below 90% of the subject’s maximal twitch force.
One of the fatiguing protocols progressively increased stimulation pulse duration first. After
the pulse duration reached 600µs, stimulation frequency was then progressively increased until
it reached 60Hz (intensity followed by frequency modulation protocol). Another fatiguing
protocol progressively increased stimulation frequency first. After the frequency reached
60Hz, pulse duration was increased progressively until it reached 600µs (frequency followed
by intensity modulation protocol).

Data Management and Analysis
The dependent variable in the current study was the number of successful contractions. A
contraction was defined as successful when its peak force exceeded 90% or more of a subject’s
maximal twitch force. One-way analysis of variance was used to compare the number of
successful contractions produced by the intensity followed by frequency modulation protocol,
frequency followed by intensity modulation protocol, the increasing intensity-only portion of
the intensity followed by frequency modulation protocol, and the increasing frequency-only
portion of the frequency followed by intensity modulation protocol. The Tukey post hoc test
was performed if a significant main effect was observed. Statistical significance was accepted
at P less than or equal to .05.

RESULTS
The maximal twitch force for the 8 subjects tested ranged from 28 to 60N. The mean initial
pulse duration ± standard deviation (SD) was 218.38±34.32µs. On average, 6 intensity
modulation steps were used to maintain quadriceps femoris muscle isometric peak forces at
the maximal twitch force level. In addition, 2 to 4 frequency modulation steps were used for
force maintenance above the targeted force level (table 1).

The peak force responses to the 2 stimulation protocols for a typical subject are shown in figure
2. For this subject, the initial pulse duration was adjusted to 276µs so that the initial peak force
response to a 30-Hz train was equal to the subject’s maximal twitch force (solid lines) (48N).
Quadriceps muscles were then stimulated repetitively using 30-Hz trains with pulse duration
at 276µs. The peak forces gradually declined because of muscle fatigue from repetitive
activation. When the peak forces declined below 90% of the subject’s maximal twitch force
(dashed lines) twice, the stimulation intensity was progressively increased based on the
modulation steps calculated before testing. After each modulation, peak forces produced were
again increased and above the 90% maximal twitch force level. After 2 failures in peak force
using the maximal pulse duration (600µs), the stimulation frequency was then progressively
increased from 30 to 60Hz. The stimulation protocol was stopped when, using the 60-Hz train,
the peak force was below 90% of the maximal twitch force for 2 successive contractions (fig
2A). A similar procedure was used for the frequency followed by intensity modulation protocol
(fig 2B). As shown in figure 2, the intensity followed by frequency modulation protocol
produced 220 more successful contractions compared with the frequency followed by intensity
modulation protocol for this subject.

Chou et al. Page 5

Arch Phys Med Rehabil. Author manuscript; available in PMC 2009 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The average number of successful contractions ± standard error produced by the intensity
followed by frequency modulation protocol for all subjects was 189.88±53.33, which was
significantly greater than the number of successful contractions produced by the frequency
followed by intensity modulation protocol (122.75±26.56) (F=7.89, P<.05) (fig 3). In addition,
the number of successful contractions produced by each of the combinations of frequency and
intensity protocols were significantly greater than that of the intensity modulation portion (97
contractions) of the intensity followed by frequency modulation protocol and the frequency
modulation portion (62 contractions) of the frequency followed by intensity modulation
protocol. The number of successful contractions produced by the frequency modulation portion
of the frequency followed by intensity modulation protocol was significantly smaller than that
produced by the intensity modulation portion of the intensity followed by frequency
modulation protocol.

DISCUSSION
The current study was the first to compare the effectiveness of progressively increasing the
stimulation frequency, stimulation intensity, or both frequency and intensity on paralyzed
skeletal muscle peak force maintenance during repetitive activation. The results showed that
stimulation strategies that progressively increased both stimulation frequency and intensity
produced more successful contractions than strategies that progressively increased frequency
or intensity only. Previous studies have shown that the central nervous system controls skeletal
muscle force output by changing the firing rate (rate-coding) or the number of activated motor
units (recruitment) during voluntary contractions.26,27,38 Although not used by current FES
systems, rate-coding has been reported to have a significant contribution in muscle force output
during both voluntary39 and electrically elicited contractions.40 We therefore expected that
use of both rate-coding and recruitment may better maintain muscle force production than using
only one of them. As hypothesized, our results showed that stimulation strategies that used the
combination of both frequency and intensity modulation maintained paralyzed muscle force
output longer than using only frequency or only intensity modulation. This finding suggests
that using both frequency and intensity modulation may be a better stimulation strategy than
the traditional approach (constant stimulation frequency and only increase stimulation
intensity) and should be considered during the application of FES.

The results also showed that the order of frequency and intensity modulation significantly
affected skeletal muscle force maintenance during repetitive electric stimulation. The better
stimulation strategy first progressively increased the stimulation intensity and then the
stimulation frequency (intensity followed by frequency modulation protocol). We posit that
the difference in force maintenance between the intensity followed by frequency modulation
protocol and the frequency followed by intensity modulation protocol might be due to
differences in the metabolic demands and activation frequencies experienced by each activated
muscle fiber during each protocol. As outlined in the Methods section, the same initial intensity
and frequency combination was used for both protocols (a low initial intensity of ≈218µs and
a 30-Hz frequency). Because a low stimulation intensity was maintained for the entire
frequency modulation portion of the frequency followed by intensity modulation protocol, a
much smaller fraction of the muscle was recruited throughout the frequency modulation portion
of the frequency followed by intensity modulation protocol than during the intensity
modulation portion of the intensity followed by frequency modulation protocol, which allowed
new motor units to be recruited as the stimulation intensity was increased. Thus, because forces
were maintained at the same level for both protocols, a greater metabolic demand and a more
rapid rate of fatigue must have been produced within each active muscle fiber during the
frequency modulation portion of the frequency followed by intensity modulation protocol than
during the intensity modulation portion of the intensity followed by frequency modulation
protocol. The advantage of producing less force for each active muscle fiber during the intensity

Chou et al. Page 6

Arch Phys Med Rehabil. Author manuscript; available in PMC 2009 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



modulation portion of the intensity followed by frequency modulation protocol may explain
the better performance during the intensity modulation portion of the intensity followed by
frequency modulation protocol compared with the frequency modulation portion of the
frequency followed by intensity modulation protocol (see fig 3). Furthermore, for the second
portion of each protocol, the intensity followed by frequency modulation protocol maintained
the muscle force by progressively increasing the activation frequency from 30 to 60Hz, whereas
the frequency followed by intensity modulation protocol used a constant 60-Hz frequency and
progressively increased the stimulation intensity. Based on the force–frequency relationship
of the quadriceps muscle of subjects with SCI,23 all newly recruited motor units in the intensity
modulation portion of the frequency followed by intensity modulation protocol were activated
at close to their maximal force-generating capacity. Once again, these higher forces would
have been metabolically more demanding for each muscle fiber than the initial lower
frequencies used during the frequency modulation portion of the intensity followed by
frequency modulation protocol. In addition, both the higher stimulation frequency41,42 and
resulting greater number of stimulation pulses43 delivered to the muscle during the intensity
modulation portion of the frequency followed by intensity modulation protocol have been
shown to be related to greater muscle fatigue during electrically elicited contractions. Thus,
the higher frequency of stimulation explains the poorer performance during the intensity
modulation portion of the frequency followed by intensity modulation protocol compared with
the frequency modulation portions of the intensity followed by frequency modulation protocol.
Both the differences in the metabolic demand and activation frequency experienced by each
activated muscle fiber during each protocol can be used to account for the overall poorer
performance of the frequency followed by intensity modulation protocol versus the intensity
followed by frequency modulation protocol.

Based on a previous study34 from our laboratory that used able-bodied subjects, we
hypothesized that during the initial portion of each protocol, increasing the stimulation
frequency would produce more successful contractions than increasing the intensity. In
contrast, we found that initially increasing the intensity produced more successful contractions
than initially increasing the frequency. We believe that the differences in the results between
the present study and our previous work34 were primarily due to the differences in the protocols
used by the 2 studies. In the previous study,34 for the frequency modulation protocol, we fixed
the stimulation intensity at 600µs and adjusted the stimulation frequency (≈13Hz) to produce
the initial targeted peak force (20% of the subject’s maximum voluntary isometric contraction);
for the intensity modulation protocol, we fixed the stimulation frequency at 60Hz and adjusted
the stimulation intensity (≈143µs) to produce the initial targeted peak. The stimulation
frequency or intensity was then progressively increased until each reached 60Hz or 600µs,
respectively. In contrast, the current study used an initial low intensity (≈218µs) and a 30-Hz
frequency for both stimulation protocols. Thus, the frequency modulation protocol of the
previous study used a much longer pulse duration, which would have recruited many more
motor units and would have been less fatiguing for each active muscle fiber, compared with
the frequency modulation portion of the present frequency followed by intensity modulation
protocol. Similarly, the intensity modulation portion of the present intensity followed by
frequency modulation protocol used a lower frequency during modulation of intensity than the
previous study’s intensity modulation protocol (30Hz vs 60Hz). Thus, it appears that the lower
intensity used in the present study for the frequency modulation portion of the frequency
followed by intensity modulation protocol was more detrimental to maintenance of the force
than the 30-Hz frequency we selected to be used during the intensity modulation portion of the
intensity followed by frequency modulation protocol.

The initial frequency of 30Hz was selected for the present study because our recently completed
work with the able-bodied subjects’ quadriceps femoris muscles34 found that starting at 30Hz
produced more successful contractions than starting at other clinically relevant frequencies (20
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or 40Hz). Two major factors, low-frequency fatigue and the available operational range for
frequency modulation, were used to explain the effect of starting frequency on muscle force
maintenance during repetitive electric stimulation.34 Although previous studies have reported
changes in muscle contractile properties and fatigability after SCI,24,25,37,44 a recently
published study from our laboratory23 investigating the force-frequency relationship of
paralyzed human quadriceps muscles showed only a slight leftward shift in the force-frequency
relationship compared with age-matched able-bodied subjects when the muscles were not
fatigued and only minor rightward shift was seen in the fatigued condition. This similar force-
frequency relationship between persons with SCI and age-matched able-bodied subjects led
us to believe that 30Hz was probably also the best initial frequency for paralyzed quadriceps
femoris muscles when progressively increasing both intensity and frequency to maintain
muscle force output during repetitive activation. We therefore selected 30Hz as the initial
frequency for both stimulation protocols tested in the current study.

In addition to the differences in the protocols, the differences in the results between the present
study and our previous work34 may have been related to differences in the contractile properties
and fatigability of muscles of able-bodied versus SCI subjects. Future studies will need to
explore this possibility.

Study Limitations
Because the present study included only SCI subjects during isometric contractions, future
work should be conducted in other patient populations who may also benefit from FES
application. Future studies will also need to test nonisometric contractions that more closely
mimic functional tasks and test other functionally relevant muscle groups to determine how
broadly the present results can be generalized.

CONCLUSIONS
To our knowledge, the present study was the first to investigate the effectiveness of
progressively increasing frequency, intensity, and the combination of the 2 on paralyzed
quadriceps femoris muscle force maintenance during repetitive activation. Our results show
that for paralyzed quadriceps femoris muscles, the better stimulation strategy first increased
the stimulation intensity and then increased the stimulation frequency. The present results also
support the suggestion that, after the stimulation intensity has been maximally increased,
increasing the stimulation frequency to maintain muscle force may help to extend the duration
of FES applications in people with SCI.
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APPENDIX 1: MODULATION STEP CALCULATION
The modulation steps for stimulation frequency and intensity were identified for each subject
based on their force-frequency and force-intensity relationships, respectively. The same
calculation method was used for the frequency and intensity modulation steps. Below is an
example for calculating the stimulation intensity steps. First, an exponential equation,

(1)
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was used to fit each of the force-intensity relationship curves, where parameter A is the scaling
factor for the force (F), PD represents the duration of the stimulation pulse (in µs). PD0
represents the threshold pulse duration (in µs) above which there is a measurable force. τ is
the time constant controlling the rise of the force with increasing pulse duration. Because
muscles cannot generate negative forces, F equals 0 when PD≤PD0. A recently completed
study in our laboratory34 comparing the parameter values found that the value for both PD0,
threshold pulse duration, and τ, rate of rise in force with increasing pulse duration, were
consistent across frequencies and fatigue conditions and that only A, the scaling factor, changed
with changes in stimulation frequency or muscle fatigue, suggesting that the normalized force-
intensity relationships stay the same and the relationship could be modeled by varying only 1
parameter in the exponential equation. This consistency in the normalized force-intensity
relationship curve across stimulation frequencies and conditions enabled us to predict the
required stimulation intensity for a targeted force level during the fatiguing protocols tested in
the current study. Five steps were needed to determine each modulation step (fig 4).

Step 1: The force-intensity relationship curve (black curve) was fitted with equation 1, and the
parameter values for A, PD0, and τ for the force-intensity relationship curve were determined.

Step 2: The starting pulse duration was identified by locating the pulse duration that produced
peak force equal to a subject’s maximal twitch force (black point). The stimulation trains were
delivered at a rate of 1 train per second; therefore, muscle peak force output gradually declined
because of muscle fatigue.

Step 3: Stimulation intensity was modulated when the peak force dropped below 90% of a
subject’s maximal twitch force (gray point).

Step 4: When the peak force dropped below 90% of a subject’s maximal twitch force, a new
curve that represented the relationship between force output and stimulation intensity at that
point of time could then be identified. Based on our previous study, only parameter A changed
with fatigue. Thus, with all other parameter values were known, the new A value for the new
force-intensity relationship curve (gray curve) that passes through the 90% maximal twitch
force data point could then be determined.

Step 5: By locating the pulse duration that produced peak force equal to a subject’s maximal
twitch force from the new force-intensity relationship curve, the next modulation step for
intensity was determined.

These steps were repeated until the pulse duration reached 600µs (fig 5). To produce peak
forces to reach a subject’s maximal twitch force, the last predicted modulation step for
stimulation intensity might exceed 600µs. In that case, we used 600µs for the last modulation
steps because these values could still produce peak forces above 90% of a subject’s maximal
twitch force. After the stimulation intensity reached the highest values (600µs), stimulation
was stopped when peak forces dropped below 90% of a subject’s maximal twitch force. The
same calculation method was used to determine the frequency modulation steps for each
fatiguing protocol for each subject.

Studies investigating the force-frequency relationship of skeletal muscles for able-bodied
subjects showed that a right-ward shift in the normalized force-frequency curve was usually
observed after muscle fatigue (for examples, please see Binder-Macleod and colleagues45,
46). However, a recently published study23 from our laboratory investigating the force-
frequency relationship for paralyzed skeletal muscles showed that although the force-
frequency relationship shifted to the right after muscle fatigue, the shift was less than in the
control group and most of the shift occurred at 30Hz and lower. In the current study, the timing
for modulating frequency occurred when only minimal fatigue was present (muscle peak forces
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dropped from 100% to 90% of a subject’s maximal twitch forces); therefore, we believe that
only minor shift in the force-frequency relationship would be observed at the beginning of each
of the fatiguing protocols. In addition, stimulation frequency was progressively increased; after
the frequency reached 30Hz or higher, the shift in the force-frequency relationship was minimal
and could be ignored. Thus, both the minimal shift in the force-frequency relationship at the
beginning of the protocol and the progressive increase in frequency with each modulation step
could overcome the gradual shift in the force-frequency relationship with fatigue, and the
change in the force-frequency relationship with fatigue should have little effect on the
frequency modulation step prediction when using our calculation method described above.
Thus, for simplicity, we used the same methods to calculate frequency modulation steps.
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Fig 1.
Experimental procedures.
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Fig 2.
Plots of the peak force responses to the 2 stimulation protocols for a typical subject. Each data
point represents a peak force from 1 contraction. (A) The intensity followed by frequency
modulation protocol. (B) The frequency followed by intensity modulation protocol. In both
protocols, the initial pulse duration was adjusted so that the initial peak forces were equal to a
subject’s maximal twitch force (solid lines). Stimulation trains were delivered at a rate of 1
train every 1.1 seconds to fatigue the muscles. When the peak forces declined below 90% of
the subject’s maximal twitch force (dashed lines), stimulation frequency or intensity was
progressively increased according to the modulation steps calculated before testing. As shown
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in the figure, the intensity followed by frequency modulation protocol produced more
successful contractions than the frequency followed by intensity modulation protocol.
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Fig 3.
Plot of the number of successful contractions produced by the 2 stimulation protocols tested.
Light gray indicates the number of successful contractions produced by the intensity
modulation portion of the protocols; dark gray indicates the number of successful contractions
produced by the frequency modulation portion of the protocols. The averaged number of
successful contractions produced by the intensity followed by frequency (Inten-Freq) and the
frequency followed by intensity (Freq-Inten) modulation (mod) protocols. * P<.05 (see text
for details).
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Fig 4.
Example for the determination of stimulation intensity modulation steps based on the force-
intensity relationship curve for a typical subject. The force-intensity relationship curve (black
curve) was fitted with equation 1, and the parameter values for A, PD0, and τ were then
determined for each subject. The starting pulse duration was determined by locating the pulse
duration that produces peak force equal to the subject’s maximal twitch force (MTF) (black
point). When the peak force dropped to 90% of the subject’s maximal twitch force (gray point),
a new curve (gray curve) representing the new relationship between force output and
stimulation intensity could then be determined by calculating the new A value. (From the results
of a previous study,34 only A value changes with fatigue). By locating the pulse duration that
produces peak force equal to the subject’s maximal twitch force from the new force-intensity
relationship curve, the next intensity modulation step was determined. NOTE. Not drawn to
scale. See text for details.
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Fig 5.
Family of force-intensity relationship curves for a typical subject. The force-intensity
relationship shifted down with fatigue. As shown by the arrows, the intensity modulation steps
were determined by locating the intersection between the force-intensity curves and the
maximal twitch force dashed line.
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