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Muscle fatigue characteristics in paralyzed muscle after spinal cord
injury

CA Pelletier and AL Hicks

Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada

Study design: The study design used is cross-sectional.
Objectives: The aim of this study is to examine muscle contractile and excitability characteristics
during fatigue of the tibialis anterior in six individuals with chronic spinal cord injury (SCI) and matched
able-bodied (AB) controls.
Setting: McMaster University, Hamilton, ON, Canada.
Methods: Muscle compound action potential (M-wave) characteristics, muscle twitch properties, and
summated force were examined during a 2min fatigue protocol of intermittent bursts at 30Hz
(4 s tetanus, 2 s rest) or maximal voluntary contraction (MVC). Evoked twitch responses were followed
during a recovery period.
Results: M-wave amplitude was smaller in SCI (2.5±1.6mV in SCI, 5.7±3.2mV in AB) at baseline,
but there was no change in M-wave amplitude or area during fatigue in either group. There was an
increase in M-wave duration toward the end of recovery in the SCI group. Peak torque (PT) was not
different between groups at baseline (3.8±1.8Nm in SCI, 3.7±0.6Nm in AB); PT potentiated
significantly during fatigue in the AB, but not SCI group. There was significantly greater fatigue of both
PT (43% decline) and summated force (57% decline) in the SCI group compared with the AB group
(13% increase and 22% decline for PT and MVC, respectively).
Conclusion: The dorsiflexor muscles in people with SCI are significantly more fatiguable than those in
AB controls, but decreases in muscle excitability do not seem to be an important contributor to the
increased fatiguability. The mechanisms behind the increased fatigue must lie distal to the muscle
membrane.
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Introduction

One of the most important implications of the changes that

occur to skeletal muscle after spinal cord injury (SCI) is a

decreased fatigue resistance in the paralyzed muscle.1,2 This

results in many functional limitations and can inhibit

rehabilitation efforts. Fatigue resistance has been shown to

decrease rapidly for the first 1.7 years post-injury, with

smaller decreases occurring in subsequent years.3

Although the mechanism for the increased muscle fatigu-

ability in the SCI population is unknown, a current theory of

neuromuscular fatigue in the able-bodied (AB) population

involves a decrease in muscle excitability due to increased

extracellular Kþ . The sodium potassium pump (Naþ /Kþ

ATPase) is largely responsible for maintaining concentration

gradients of Naþ and Kþ across the sarcolemmal membrane,

allowing for muscle excitability to be maintained during

repetitive activation. When an action potential arrives at the

membrane, depolarization is required to elicit a contraction.

Given the small extracellular space surrounding muscle

fibers, repeated depolarization can quickly lead to significant

changes in the extracellular concentration of Kþ , which

would be predicted to affect membrane excitability.4

Earlier work has shown a substantial decrease in Naþ /Kþ

ATPase concentration in the vastus lateralis of people with

complete SCI;5 however, it is not known whether this

decrease in pump concentration has any significant effect

on membrane excitability or fatigue resistance.

Muscle membrane excitability can be non-invasively

assessed with the compound muscle action potential (M-

wave), and changes in M-wave amplitude and area have been

used as an indirect measure of Naþ /Kþ ATPase activity.4,6

To date, the potential role of muscle excitability in

contributing to fatiguability in paralyzed muscle has only

been examined in the soleus muscle. Shields2 concluded that

changes in muscle membrane excitability were not solely
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responsible for muscle fatigue as decreases in M-wave

amplitude did not coincide with decreases in torque. A later

study, also in the soleus muscle, found a 20% decrease in

M-wave amplitude, a 40% increase in M-wave duration, no

change in M-wave area, and an 80% decrease in peak torque

(PT) after intermittent tetanic stimulation in participants

with chronic, but not acute (o6 weeks post-injury) SCI.7

Furthermore, M-wave amplitude was found to completely

recover 5min after the stimulation trial, whereas PT

remained depressed.7

Contrary to the extensive body of literature pertaining to

muscle fatigue in AB human beings, the various mechanisms

behind neuromuscular fatigue have not been fully resolved

in paralyzed muscle. Earlier work has shown markers of

oxidative capacity to be correlated with increased muscle

fatigue in participants with SCI.8–10 Other possibilities

include the fiber-type transformation in which paralyzed

muscle experiences a shift to a predominance of type II

fatiguable fibers8–11 and impairments in Ca2þ handling.12

The limited number of studies examining the mechanisms of

fatigue in paralyzed muscle combined with the highly

variable nature of SCI makes it difficult to draw any

definitive conclusions. Characteristics of muscle fatigue in

people with SCI seem to vary with fatigue protocol,

stimulation intensity, and the muscle being investigated.

The purpose of this study was to examine the potential role

of a decline in muscle excitability as a contributor to

impaired fatigue resistance in the ankle dorsiflexors in

people with SCI. M-wave changes during a period of

intermittent tetanic stimulation were assessed in the ankle

dorsiflexor muscles of people with SCI, and compared with a

similar protocol in AB individuals. It was predicted that the

SCI group would show a greater decrease in M-wave

amplitude throughout the fatigue protocol when compared

with AB controls. It was also predicted that the SCI group

would show decreased fatigue resistance as evidenced by a

more rapid and significant decline in PT and a slower

recovery.

Materials and methods

Participants

Six participants with chronic SCI (5 male, 1 female; age

44±13.9 years) and six age- and sex-matched AB controls

(age 45±14.3 years) volunteered for this study. All partici-

pants were recreationally active and none had participated

in any form of muscle stimulation training. Characteristics

of the study participants with SCI are summarized in Table 1.

Inclusion criteria for the participants with SCI included 41

year post-injury, upper motor neuron lesion level higher

than T8, American Spinal Injury Association classification

A–C, and wheelchair dependent. Informed consent was

obtained from all participants and procedures were approved

by the McMaster University Research Ethics Board.

Apparatus

All measurements were conducted on the right ankle

dorsiflexor muscle. Subjects either remained in their wheel-

chair (SCI) or a height-adjustable chair (AB) with the right

knee flexed at 901 and the lower leg and foot secured in an

isometric boot apparatus. For both the SCI and AB partici-

pants, the ankle was placed at 201 PF. This angle has been

previously determined as optimal for evoked dorsiflexor

torque in the SCI and AB populations.13 The common

peroneal nerve was stimulated with rubber-stimulating

electrodes (3 cm diameter). Muscle electrical activity was

collected using two surface electromyogram electrodes

(Kendall Medi-Trace 133, Mansfield, MA, USA) placed 5 cm

apart on the muscle belly of the tibialis anterior.

A constant current stimulator (Digitimer Ltd, Model 3072,

Welwyn Garden City, Hertfordshire, England) was used to

deliver single 50 ms rectangular pulses and 4 s tetanic trains

(30Hz) to the peroneal nerve for assessment of peak evoked

twitch (PT) and tetanic torque (TT), respectively. The

stimulation frequency for the tetanus (30Hz) was selected

based on the plateau of the force–frequency relationship for

the tibialis anterior in people with SCI previously deter-

mined in our laboratory.14 The optimal stimulation intensity

was determined for each participant by gradually increasing

the current until there were no further increases in evoked

twitch torque.

Procedure

Muscle contractile properties and M-wave characteristics

were assessed before, during, and after a 2min fatigue trial of

intermittent tetanic stimulation in the SCI group, and a

similar trial of intermittent maximal voluntary contractions

(MVCs) in the AB group. The fatigue protocol consisted of

4 s tetanus at 30Hz (or MVC), followed by 2 s rest. A single

muscle twitch was elicited half-way through each 2 s

rest period. A 15min recovery period followed the fatigue

protocol and consisted of 17 addition twitches spaced

at increasing intervals. Specifically, the muscle contractile

properties measured were peak evoked twitch torque

(PT), maximum compound action potential amplitude

(M-wave amplitude), area (M-wave area), duration (M-wave

duration), time to PT, maximum rate of torque development,
1
2 relaxation time, and maximum rate for torque relaxation.

A fatigue index (% decline in torque) was calculated

for both the decline in PT and decline in TT or MVC,

using the following formula: (Torquebaseline–Torque2min)/

Torquebaseline�100.

Table 1 SCI group characteristics

Participant Age Sex
ASIA

classification
Level of
injury

Years since
injury

1 55 M C C3 14
2 33 M A C6/7 14
3 42 M A T7 4
4 49 M A C5/6/7 2
5 24 M A C6 1.5
6 61 F C T1 1.5

Abbreviations: ASIA, American Spinal Injury Association; SCI, spinal cord

injury.
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Statistical treatment

Muscle fatigue characteristics were analyzed with a two-

factor analysis of variance with one between subjects factor

(SCI vs AB) and one within subjects factor (time). Signifi-

cance was set at Po0.05, and Tukey A post hoc tests were used

to examine significant differences between means. Through-

out the text, values are reported as mean±s.d. and

mean±s.e. in figures.

Results

M-wave characteristics

M-wave amplitude was greater in the AB group at baseline

with values of 2.5±1.6mV in SCI and 5.7±3.2mV in AB.

There was no significant difference in M-wave duration

(34.9±9.1 in SCI, 27.8±7.3 in AB) or area noted between

groups at baseline. In both the SCI and AB groups, M-wave

amplitude and area were maintained throughout the fatigue

protocol and through recovery. M-wave duration increased

during the recovery period in the SCI group only. These

results are shown in Table 2 and Figure 1.

Summated torque

Both groups showed decreases in TT or MVC (Figure 2) from

baseline to the end of the fatigue protocol, with a

significantly greater fatigue index being observed in SCI

compared with AB (57.2±19.9% vs 22.4±13.9%, respec-

tively). Fatigue index results are shown in Figure 3.

Muscle contractile properties

Changes in muscle contractile properties from baseline

through to the end of the recovery stage are depicted in

Table 3. There was no significant difference in PT between

groups at baseline (3.8±1.8Nm in SCI, 3.7±0.6Nm in AB);

however, both groups responded differently to the fatigue

protocol. There was significant twitch potentiation noted in

the AB group (Figure 4) that lasted throughout the 2-min

fatigue protocol. In contrast, despite some early potentiation

of PT in the SCI group (not statistically significant), twitch

torque dropped below baseline within 1min of the fatigue

protocol and was significantly decreased from baseline at the

end of fatigue. A significantly (Po0.05) greater fatigue index

for PT was observed in the SCI group (42.8±41.3% in SCI,

�13.2±22.9% in AB). With regard to contractile speed, both

time to PT and maximum rate of torque development were

similar between groups at baseline; however, maximum rate

of torque development slowed significantly in the SCI group

over the course of fatigue (Table 3). Similarly, maximum rate

for torque relaxation and 1
2 relaxation time were not

significantly different between groups at baseline, but there

Table 2 M-wave characteristics at baseline, during a 2min fatigue
protocol, and during a 15min recovery period

Baseline Post-fatigue
1min

recovery
5min

recovery
15min
recovery

Amplitude (mV)
SCI 2.5±1.6a 2.9±2.4 2.9±1.9 2.9±2.1 2.7±1.9
AB 5.7±3.2 5.9±3.8 5.7±3.7 5.7±3.6 5.9±3.4

Area (mV �ms)
SCI 24.9±14.8 30.8±23.2 27.4±15.7 32.0±19.9 29.0±20.6
AB 34.8±30.5 35.9±26.0 37.8±31.0 34.4±30.4 32.5±28.2

Duration (ms)
SCI 34.9±9.1 44.8±18.2 42.4±12.1 53.9±22.5a 47.3±12.5a

AB 27.8±7.3 28.9±3.3 31.7±8.1 28.6±9.8 25.5±7.1

Abbreviations: AB, able-bodied; SCI, spinal cord injury.
aIndicates a significant difference between groups (Po0.05). Values are

mean±s.d.

Figure 1 M-wave amplitude (a), area (b), and duration (c) during a
2min fatigue protocol followed by a 15min recovery period in AB
and SCI groups. The dotted hoizontal line represents the transition
between fatigue and recovery. Error bars represent s.e. *Denotes
significant difference between groups (Po0.05).
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was a trend for relaxation rates to slow in the SCI group

at the end of fatigue (28.9±28.7Nms–1 in SCI,

71.7±38.7Nms–1 in AB; P¼0.054).

Discussion

The findings of this study suggest that changes in muscle

excitability are not a major contributing factor to the

decrease in fatigue resistance after SCI. Although the SCI

group displayed a greater fatigue index for both PT and TT,

there was no indication of a decrease in muscle excitability

Figure 2 Percent change in tetanic torque and maximal voluntary
contraction torque during a 2min fatigue protocol in AB and SCI groups.

Figure 3 Fatigue index for AB and SCI groups after a 2min fatigue
protocol. Error bars represent s.e. *Denotes significant difference
between groups (Po0.05).

Table 3 Muscle contractile properties before and after a 2min fatigue protocol and 15min recovery period

Baseline Post-fatigue 1min recovery 5min recovery 15min recovery

PT (Nm)
SCI 3.8±1.8 1.6±0.9a 2.3±0.6 2.7±0.8 2.6±0.9
AB 3.7±0.6 4.1±0.7 4.7±1.1 4.3±0.7 3.7±0.5

RTD (Nm s–1)
SCI 116.6±38.5 67.4±55.4a 94.9±55.0 93.4±50.9 89.0±34.1
AB 135.2±83.4 178.2±2.5 185.7±4.9 164.5±89.0 128.9±67.3

RTR (Nm s–1)
SCI 42.2±18.9 28.9±28.7 35.1±35.9 39.2±33.0 41.9±35.8
AB 50.0±48.5 71.7±38.7 54.9±29.2 74.0±52.1 67.1±39.8

TPT (ms)
SCI 96.2±26.2 140.7±67.1 119.9 ±59.5 126.0±72.0 107.0±57.0
AB 94.7±17.7 87.9±18.2 119.8±20.6 115.2±24.5 100.3±18.4

1
2 RT (ms)

SCI 108.0±28.3 178.2±28.2 145.7±27.5 149.9±35.5 143.7±54.2
AB 87.0±13.0 110.2±41.4 110.0±13.2 104.2±25.1 88.7±18.3

TT or MVC (Nm)
SCI 10.5±6.6 3.6±1.1 F F F
AB 38.6±15.6 29.8±5.5 F F F

Abbreviations: AB, able-bodied; MVC, maximal voluntary contraction; PT, peak torque; RTD, maximum rate of torque development; RTR, maximum rate of torque

relaxation; SCI, spinal cord injury; TPT, time to peak torque; TT, tetanic torque; 1
2 RT, 1

2 relaxation time.
aIndicates a signficant difference between groups (Po0.05). Values are mean±s.d.

Figure 4 Peak twitch torque at baseline, during a 2min fatigue
protocol, and 15min recovery period in AB and SCI groups. The
horizontal dotted line represents the end of the fatigue protocol.
Error bars represent s.e. *Denotes significant difference between
groups (Po0.05).

Muscle fatigue after SCI
CA Pelletier and AL Hicks

128

Spinal Cord



as assessed by changes in M-wave amplitude or area. These

findings are similar to earlier work that has shown changes in

M-wave characteristics to be disassociated with changes in

muscle torque during fatigue in the paralyzed soleus muscle.7

M-wave amplitude was greater in the AB group at baseline,

which supports earlier findings13 and is likely a reflection of

the significant muscle atrophy after SCI. The fact that

M-wave amplitude and area stayed relatively constant over

the course of fatigue in the SCI group suggests that the

previously reported decrease in Naþ /Kþ pump concentration

after SCI does not contribute to muscle fatiguability.5 Muscle

membrane excitability seemed to be maintained quite

effectively in paralyzed muscle during the 2-min fatigue

protocol. Although there was an increase in M-wave area in

the SCI group, this was likely associated with the increase in

M-wave duration rather than increased Naþ /Kþ pump

activity, as there was no corresponding increase in M-wave

amplitude. The increasing M-wave duration in the SCI group

during recovery is suggestive of a slowing of action potential

conduction across the sarcolemma membrane, a finding that

has been demonstrated previously in the soleus muscle.7

As predicted, the SCI group showed increased fatigue

compared with the AB group as evidenced with an increased

fatigue index for both PT and TT. This increased fatiguability

in paralyzed muscle has been reported previously in the

soleus and quadriceps muscle groups.1–3 However, based on

the M-wave results of this study, and from earlier work,2,7 a

failure in Naþ /Kþ pump activity does not appear to play

a significant role in the increased fatiguability during a

relatively short period of maximum stimulation in people

with SCI. This was an unexpected finding given the reported

decrease in Naþ /Kþ pump concentration after SCI.5 One

possible explanation may be that the previously reported

decrease in Naþ /Kþ pump concentration in the vastus

lateralis muscle is not transferable to the tibialis anterior

muscle. An alternative possibility is that despite a decrease in

pump concentration, an increase in the efficiency of the

remaining Naþ /Kþ pumps may assist in maintaining

membrane excitability. As muscle excitability does not seem

to be playing a major role in the fatiguability of paralyzed

muscle, it is important to consider the involvement of other

mechanisms for fatigue. Muscle oxidative capacity, which

provides an indication for the potential for aerobic metabo-

lism, has been previously shown to decrease after SCI and

has been correlated with an increase in fatiguability in the

tibialis anterior8,9 and vastus lateralis.10 Another common

theory of muscle fatigue involves the impaired control of

calcium (Ca2þ ) release into the sarcoplasmic reticulum.15

Alterations in the function and concentration of

Ca2þATPase have been suggested after SCI to explain the

slowing of relaxation time12 and changes in sarcoplasmic

reticulum Ca2þATPase isoform expression.11

The phenomenon of enhanced force after a brief maximal

summated contraction is known as post-activation potentia-

tion or post-tetanic potentiation, depending on whether the

stimulus is voluntary (post-activation potentiation) or

electrically stimulated (post-tetanic potentiation). Potentia-

tion can prevail over muscle fatigue, particularly in muscles

with a high percentage of type II fibers.16,17 In the present

study, there was a significant post-activation potentiation

observed in the AB group, whereas the SCI group showed

only a brief period of potentiation. This result is contrary to

what was expected due to the reported fiber-type transfor-

mation after SCI.8–11 Although the different fatigue proto-

cols (electrically induced vs voluntary) may be a

contributing factor to the group differences, twitch re-

sponses have been shown to be similar regardless of the

method used to induce potentiation.18 Thus, it appears that

paralyzed muscle is unable to maintain twitch potentiation

and succumbs to fatigue sooner than AB controls during

periods of intermittent maximal contraction.

The results of this study extend the findings of increased

fatiguability in paralyzed muscle after SCI to the ankle

dorsiflexor muscle group. During 2min of intermittent

tetanic stimulation, a decrease in muscle excitability does

not appear to be a significant contributing factor to the

decreased fatigue resistance after SCI; the mechanisms more

likely relate to changes in excitation–contraction coupling

and/or muscle oxidative capacity. It is important that future

research further explore the mechanisms behind the

decreased fatigue resistance after SCI and to consider the

associated clinical implications. As many rehabilitation

strategies (for example, functional electrical stimulation)

are dependent on the muscle being able to withstand

repeated contractions and to delay the onset of fatigue, a

greater understanding of the process of muscle fatigue in

paralyzed muscles will assist in the optimization of rehabi-

litation efforts.
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