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Fatigue properties of human thenar motor units paralysed

by chronic spinal cord injury
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Human muscles paralysed chronically by spinal cord injury (SCI) fatigue excessively. Whether
these reductions in force reflect a decrease in the fatigue resistance of the motor units is
unknown. Our aim was to determine the fatigability of thenar motor units paralysed chronically
(10 £ 2 years) by cervical SCI. Surface electromyographic activity (EMG) and force were
recorded from 17 paralysed motor units (n = 7 subjects) in response to intraneural motor axon
stimulation (13 pulses at 40 Hz, 1 s™! for 2 min). Unit force decreased progressively, reaching
8-60% of initial after 2 min, whereas both the amplitude and area of the first EMG potentials
in the trains increased significantly (both P < 0.05). Thus, transmission of neural signals to
the sarcolemma was effective and the reduction in force must reflect impaired processes in the
muscle fibres. The median fatigue index for paralysed units (0.31), the ratio of the force at
2 min compared to the initial force, was significantly lower than that for units from control
subjects (0.85, P < 0.05), but the distribution of fatigue indices for each population had a
similar shape (ranges: 0.08-0.60 and 0.41-0.95, respectively). Hence, chronic paralysis did not
limit the range of fatigability typically found for thenar units, only its magnitude. These findings
suggest that all paralysed units underwent similar reductions in fatigue resistance. After fatigue,
paralysed unit forces were reduced at all frequencies (1-100 Hz, P < 0.05). Twitch contraction
and half-relaxation times were increased, as was the frequency needed to produce half maximal
force (P < 0.05). Thus, stimulation protocols used to produce functional movements in paralysed

muscles need to accommodate the significant and rapid fatigue of the motor units.
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Human skeletal muscles that have been paralysed
chronically by spinal cord injury (SCI) are more fatigable
than muscles of able-bodied individuals when they are
stimulated electrically (Stein et al. 1992; Rochester et al.
19954; Shields, 1995; Thomas, 1997a; Thomas et al. 2003;
Olive et al. 2003). This excessive fatigability may reflect
chronic changes in muscle use, resulting in alterations
in fibre type composition, reductions in the oxidative
capacity of the fibres, and impaired blood flow (Grimby
et al. 1976; Martin et al. 1992; Stein et al. 1992; Olive
et al. 2003; Butler et al. 2004). Long-term EMG recordings
show that paralysed human tibialis anterior muscles and
paralysed cat hindlimb muscles are indeed less active than
muscles of able-bodied subjects (Alaimo et al. 1984; Stein
et al. 1992). Leg muscles of persons with chronic SCI
have greater proportions of type II fibres, or fibres with
fast myosin isoforms than control muscles (Grimby et al.
1976; Martin et al. 1992; Shields, 1995; Andersen et al.
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1996). Succinate dehydrogenase, a marker for oxidative
metabolism, and the capillary-to-fibre ratio are lower in
paralysed tibialis anterior muscles than control muscles
(Martin et al. 1992; Rochester et al. 1995b). All these
findings imply that there has been a reduction in the
fatigue resistance of the paralysed motor units. However,
contractions greater than 10% maximal restrict blood
flow and accelerate fatigue (Petrofsky & Hendershot,
1984; Sjogaard et al. 1988) so ischaemia complicates
interpretation of these whole muscle data (Gardiner &
Olha, 1987). One way to examine the intrinsic fatigability
of paralysed human muscle fibres without the influences
of ischaemia is to measure the fatigability of single motor
units, an unexplored issue.

The fatigability of cat medial gastrocnemius motor
units is increased several months after transection of the
thoracic or lumbar cord (Mayer ef al. 1984; Munson et al.
1986) whereas less marked changes in fatigability occur
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in cat soleus motor units (Cope et al. 1986). Human
motor units may adapt to different extents with chronic
paralysis especially when the injury involves contusion
and compression (Bunge et al. 1993). Units may also
show divergent electrical and mechanical responses during
fatigue, but this response variability is likely to be masked at
the whole muscle level (Mayer et al. 1984; Sandercock et al.
1985; Munson et al. 1986; Dubose et al. 1987; Carpentier
etal. 2001). For example, the magnitude of muscle fatigue
is likely to be dominated by the reductions in force seen
in the most fatigable units. Some paralysed thenar motor
units are tonically active, discharging spontaneously at low
rates (Zijdewind & Thomas, 2001). This activity may alter
the chronic fatigability of only a portion of the motor
unit pool (i.e. low threshold units), changes that may
be concealed in whole muscle data. Thus, in order to
determine how paralysis induced by chronic SCI affects the
fatigue responses of different motor units, it is imperative
to record individual motor unit behaviour.

In this study, our aim was to examine the fatigability
of single motor units in human thenar muscles paralysed
chronically by cervical SCI. Each motor axon was
stimulated intraneurally, a technique that allows the EMG
and tetanic force to be recorded over time (Westling
et al. 1990). Other studies of paralysed human units
have only recorded twitch forces using percutaneous
nerve stimulation (Godfrey et al. 2002; Thomas et al.
2002), intramuscular microstimulation (Yang et al. 1990)
or spike-triggered averaging (Thomas, 1997b). Because
twitch forces are easily altered by potentiation and fatigue,
they are not the most reliable measures of unit strength.
Our findings show that paralysed human thenar muscles
contain a population of fatigable motor units, whereas
thenar units in able-bodied subjects are predominantly
fatigue resistant (Thomas et al. 1991b). The exaggerated
fatigability of paralysed units reflects impairments
within the muscle fibres, not failure of neuromuscular
transmission or membrane excitability, because both the
amplitude and the area of the first EMG potentials in the
trains potentiated as the motor unit force decreased.

Methods

Subjects

Seven subjects (5 men and 2 women, 34 % 4 years old,
mean = s.E.M., range 20—47 years) with chronic (> 1 year)
cervical spinal cord injury (injury duration: 10 =+ 2 years,
range 1.5-19years) participated in this study. Current
injury level, defined according to American Spinal Injury
Association criteria (Maynard et al. 1997), was C4 (n=4),
C5 (n=1) or C6 (n=2). Injury occurred in a motor
vehicle accident (n=3), a fall, a diving accident, while
horseback riding or from a gunshot. The thenar muscles
were completely paralysed based upon a manual muscle
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examination. The University of Miami Institutional
Review Board approved this study. Informed written
consent was obtained from each subject prior to the
experiment. The study conformed to the standards set by
the Declaration of Helsinki.

Experimental setup

The procedures for recording thenar motor unit
contractile properties in response to intraneural motor
axon stimulation were as described by Westling et al.
(1990). Subjects reclined on an adjustable bed. The
right arm was abducted about 25 deg and the hand was
supinated (complete supination could not be attained
in two subjects so data were recorded with the hand
pronated). The forearm rested on a support, was
immobilized in a vacuum cast, and was secured in
place with a velcro strap. The hand was stabilized in
modelling clay (Theraputty, North Coast Medical Inc.,
Morgan Hill, CA, USA). The fingers were kept extended
by placing U-shaped aluminium clamps over the joints
and pressing the clamps into the clay. The thumb
was extended and positioned against a custom made
transducer that registered abduction and flexion forces at
right angles. In this position, supramaximal stimulation
of the median nerve results in maximal tetanic force of the
thenar muscles (Thomas, 1997b). Skin temperature was
monitored by a thermistor taped to the forearm (52 K/J,
Fluke Corporation, USA). An infrared pulse detector was
attached to the middle finger of the right hand so that
stimuli could be delivered according to the pulse pressure
wave.

Distal and proximal electromyographic (EMG) signals
were recorded with three electrodes, each made from
braided strands of silver-coated copper wire (5 cm long),
covered in gel and taped to the skin. The common electrode
was placed transversely over the mid-belly of the thenar
muscles. The proximal electrode was positioned over the
base of the thenar eminence, and the distal electrode was
placed over the metacarpophalangeal joint of the thumb.
A ground electrode was taped over the wrist crease.

Activation of a single motor unit

The path of the median nerve above the elbow was
mapped by applying single pulses (0.2 ms duration, up to
20 mA) to the arm with a surface probe while watching for
contractions of median innervated muscles. To locate the
median nerve, an uninsulated tungsten electrode (0.2 mm
diameter, FHC Inc., Bowdoinham, ME, USA) was inserted
through the skin about 10 cm proximal to the elbow.
Single stimuli were applied through the electrode while
adjusting its depth and angle until weak current pulses
(0.2ms duration, 0.1-0.3 mA) caused contractions of
median innervated muscles, an indication of median nerve
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proximity. The uninsulated electrode was then retracted
about 1 mm and this final electrode position was used
as a reference for the insertion of an insulated tungsten
electrode into the median nerve (0.2 mm diameter, up to
1 M impedance, FHC Inc., Bowdoinham, ME, USA).
Once within the median nerve, the position of this
insulated electrode was adjusted minutely until single
negative current pulses (0.2 ms duration) excited a single
thenar motor unit.

The criteria for activation of a single thenar unit
were as previously described (Westling et al. 1990).
Briefly, the initial stimuli were below threshold for
activation of a single axon as reflected by an absence
of evoked EMG and force. As the current intensity
was progressively increased there was the simultaneous
appearance of unit EMG (proximal and distal) and force.
These signals were of consistent size and shape with
repeated stimuli, reflecting the excitation of one motor unit
(i.e. all-or-none behaviour). Further increases in current
eventually resulted in the activation of additional unit(s)
reflected by larger EMG and force responses. When the
current was reduced sufficiently, only the original unit
remained active as shown by the return of the EMG
and force to their same initial magnitudes. With further
decreases in current to below threshold, this unit failed
to respond. This cycle of increasing and decreasing the
stimulus current was repeated several times to establish the
range of current that could be used to selectively activate
the unit under study. All subsequent stimuli to the unit
were delivered using a current in the middle of this range.
As a further check of the stability of unit activation, the
abduction and flexion forces were displayed against each
other as an x—y plot on a second oscilloscope. The force
vector was of consistent magnitude and direction for any
one unit.

Minimizing baseline artifacts. Single human motor unit
forces are weak and therefore prone to artifacts. Baseline
fluctuations due to respiration and the pulse pressure wave
were minimized by electronically resetting the baseline
to a predetermined level before the delivery of single
stimuli and before the first pulse of the trains delivered
at different tetanic frequencies. Stimuli were also delivered
just after the peak of the pulse pressure wave so that forces
were recorded when the pulse pressure was relatively low.
Baseline resetting procedures were not applied during the
fatigue protocol since it entailed applying stimulus trains
ata standard rate (1 s7'). Any resetting would also disrupt
fatigue-induced slowing of relaxation and force fusion.

Stimulation protocol

The twitch force of each unit and the forces evoked
by different stimulus frequencies were recorded before
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and after the fatigue protocol. Twenty single pulses were
applied to record the initial twitch responses. Force was
recorded in response to trains of pulses at 5, 8 and 10 Hz
(eachfor2s), 15,20,30,40and 50 Hz (1 seach) and 100 Hz
(0.5s), followed by another 20 single pulses to record the
post-tetanic twitch responses, as for control data (Thomas
etal. 1991a). The unit was then fatigued with a protocol of
13 pulses at 40 Hz repeated once per second for 2 min
(Burke et al. 1973). The initial EMG and forces of 48
paralysed thenar units have been recorded (Hager-Ross
et al. 2006). Here, we characterize the fatigue-induced
changes in unit EMG potentials, twitch forces and tetanic
forces.

Data collection and analysis

All signals were displayed on a monitor and stored on-line
using a SC/Zoom system (Physiology Section, Umed
University, Sweden). The EMG signals were amplified,
filtered from 30 Hz to 1 kHz (Astro-Medical, Model P511,
West Warwick, RI, USA), and sampled at 3 kHz. Abduction
and flexion forces and the pulse-pressure wave were
sampled at 375 Hz whereas stimulus current was sampled
at 94 Hz. Stimulus pulses and trigger events were sampled
at 3kHz.

EMG and force during fatigue. The EMG potentials and
the abduction and flexion forces of five trains of pulses at
40 Hz were averaged at the beginning of the test (i.e. 1-5s)
and every 20 s thereafter to the end (i.e. 116-120s). The
first and last EMG potentials of these averaged trains were
each analysed by measuring the following parameters for
the proximal and distal EMG: (1) latency, the time from
the stimulus pulse to the onset of the EMG; (2) duration,
the time between the onset of the EMG potential and the
end of the second phase, defined by isoelectric crossings;
(3) peak-to-peak amplitude; and (4) area of the first two
phases of the EMG potential. The EMG latency, duration,
amplitude, and area of the first and last EMG potentials
in the trains measured every 20 s were normalized to the
corresponding values for the first potential at the start of
the test (1-5s) to provide ‘first EMG potential indices’
and ‘last EMG potential indices) respectively. Hence, the
last EMG potential index reflects the changes that occur
after the delivery of 1560 pulses at 40 Hz. Here we report
all these EMG parameters because there is no consensus in
the literature as to whether EMG amplitude or area is the
more optimal parameter for examining the effectiveness of
neuromuscular transmission during fatigue (Hamm et al.
1989; Dimitrova & Dimitrov, 2003).

The magnitude of the resultant force was calculated
off-line from the abduction and flexion force components.
Peak force (the highest resultant force minus any baseline
force) and half-relaxation time (hRT, the time from peak
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force to half force decline) were measured at the beginning
of the test and every 20 s thereafter. The fatigue indices
for force (and hRT) were calculated as the ratio of peak
force (and hRT) every 20 s compared to the corresponding
parameter at the start of the test.

Pre-fatigue and post-fatigue measures. Five twitches
were averaged from the initial twitches, those recorded
after stimulation at different frequencies (prior to fatigue
and termed post-tetanic twitches) and immediately
post-fatigue. The following parameters were measured:
(1) peak force; (2) contraction time (CT, the time
between force onset and force peak); and (3) hRT. These
same parameters, excluding CT, were measured for the
forces evoked at each stimulation frequency. The stimulus
frequency that produced 50% of maximal tetanic force
(Fso) was estimated based on thelinear regression equation
that best fitted three consecutive data points, which
spanned half maximal force. That is, regressions were fitted
to the force at 5, 8 and 10 Hz, or to 8, 10 and 15Hz
data (Thomas et al. 1991a). Axon conduction velocity
was calculated from conduction distance (stimulus site
to common EMG electrode) and EMG latency after
correcting for the typical terminal neuromuscular latency
and conduction distance between the wrist crease and
common electrode (3.4 ms, 7 cm), as done by Westling
et al. (1990).

Statistics

The changes in the EMG parameters, force and hRT
during fatigue were analysed with one-way repeated
measures ANOVA on ranked data. Post hoc comparisons
were completed using Dunnett’s method to determine
when during fatigue the values were significantly different
from data at the beginning of the test. Comparisons
of pre-fatigue to post-fatigue twitch force, CT and
hRT, Fsy, forces at different frequencies, and ratios of
submaximal forces to the maximal tetanic force were
assessed with Wilcoxon’s signed rank test. Spearman’s
rank order correlations were applied to examine the
relationships between the EMG indices and the force
fatigue indices, as well as the associations between
these indices, pre-fatigue twitch properties (initial and
post-tetanic), and tetanic force. Values are expressed
as medians and ranges. Differences were considered
significant at P < 0.05. The pre-fatigue values of the EMG
recorded from the proximal muscle surfaces (between the
base of the thenar eminence and mid-belly) and the fatigue
induced changes were not significantly different from
the EMG data recorded from the distal muscle surfaces
(between mid-belly and the metacarpophalangeal joint of
the thumb). Thus, only distal EMG data are presented.

J Physiol 573.1

Results

Seventeen paralysed thenar units were fatigued for 2 min.
Fatigue-induced changes in the EMG, 40 Hz force and
twitch force of a single unit are shown in Fig. 1. The
latency, duration, amplitude and area of the first EMG
potential of the train all increased during the fatigue
protocol. By 120 s the corresponding EMG indices were
1.04, 1.08, 1.11 and 1.22 (Fig. 1A). Overlays of these first
EMG potentials show that the increases in amplitude,
duration and area were evident at 60s but there was
little change thereafter (Fig. 1B). In contrast, there were
progressive changes in the last EMG potentials in the
trains. The indices for the latency (1.08) and duration
(1.04) of the last EMG potential were prolonged at 120s
compared to the first potential at 0's, but the amplitude
(0.52) and area (0.60) indices were both reduced (Fig. 1B)
despite no within-train decrement in force (Fig. 1C). The
40 Hz force decreased progressively to reach 44% of its
initial value after 2 min of stimulation (force fatigue index:
120 s force/0 s force = 0.44, Fig. 1D), whereas the hRT was
prolonged by 53% (hRT index = 1.53).

After fatigue, the amplitude and area of the EMG
for the twitch of this same unit increased but EMG
duration was unchanged (post-fatigue twitch/post-tetanic
twitch indices of 1.13, 1.15, 1.00, respectively; Fig. 1E).
The twitch force decreased (twitch force index = 0.54),
while the twitch CT and hRT increased (post-fatigue
twitch/post-tetanic twitch indices of 1.17 and 1.29,
respectively).

First and last EMG potentials

The progressive changes in the first EMG potentials of the
trains are shown every 20s for each unit in Fig. 2A-C.
There were increases in the median latency, duration,
amplitude and area from 0 s to 120 s (from 10.7 to 11.0 ms,
from 9.8 to 11.8 ms, from 61.4 to 67.4 £V, and from 0.17 to
0.22 uV.s, respectively) despite a reduction in the force of
every unit (Fig. 2D). The increase in the median for each
parameter was significant from 20 s to 120 s (all P < 0.001).

The median latency (11.1 ms) and duration (11.8 ms)
for the last EMG potential at 120 s were both prolonged
significantly, relative to the values for the first potential
at 0s (P < 0.05). The median EMG amplitude of the last
potential was reduced at 100 s and 1205 (38.7 uV at 120s,
P < 0.05) compared to the first potential at 0 s even though
there was no reduction in force in response to a train
of stimuli (Fig. 1C), whereas EMG area was unchanged
(0.13 uV.s, P> 0.05).

40 Hz force

There were progressive reductions in 40 Hz force and force
fatigue indices for each unit (Fig.2D). Force decreased
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from a median of 42.7mN at Os to 13.4mN at 120s
(P <0.05), the decrease significant from 20s to 120s
0s (P <0.05). The median fatigue indices at 20, 40, 60,
80,100 and 120s were 0.94, 0.78, 0.64, 0.49, 0.39 and
0.31, respectively. However, the extent of fatigue varied for
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A, trains of EMG potentials evoked by 13 pulses at 40 Hz at the start
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different units as revealed by the range of fatigue indices
at 120 s (0.08-0.60).

There was an increase in hRT over the course of fatigue,
from a median of 160.5 ms at 0 s (range 105.5-295.0 ms)
to 189.3ms at 120s (96.5-381.0 ms). The increase in
median hRT was significant from 20s to 120s (n=28
units, P <0.05). The hRT could not be measured in
the other nine units because the relaxation phase of the
force was periodically contaminated by the pulse-pressure,
spontaneous unit activity, or muscle spasms. An example
of a spontaneously active unit (Fig. 1A) and its effects on
force is shown after the train of pulses delivered at 60 s
(Fig. 1C).

EMG and force fatigue indices in paralysed
and control units

Figure 3A compares cumulative distributions of indices
(120s/0s) for the area of the first EMG potentials and
force for the 17 paralysed units (filled symbols) and
23 thenar units recorded in able-bodied subjects (open
symbols, Thomas et al. 1991b, 2006). In both groups,
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Figure 3. Cumulative distributions of fatigue indices for
paralysed and control units

A, EMG indices (120 s value/0 s value) for area of the first potentials of
the trains and the 40 Hz force fatigue indices for 17 paralysed units
(S, filled symbols) and 23 units from able-bodied subjects (C, open
symbols; Thomas et al. 1991b, 2006). B, relationship between fatigue
indices for force and the amplitude and area of the first EMG
potentials for all paralysed units.
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the area of the first EMG potential increased significantly
after 2 min of stimulation as reflected by EMG indices
greater than 1.0 (no group difference, Mann-Whitney rank
sum test, P > 0.05). The paralysed units were significantly
more fatigable than the control units, demonstrated by
a uniform shift in the force fatigue index distribution
towards lower values (Fig. 3A; median force fatigue index
for control data=0.85, range =0.41-0.95, P < 0.001).
Thus, the reductions in paralysed unit forces were
accompanied by potentiation of the area (Fig.2C) ,
amplitude (Fig.2B) and duration (Fig.2A) of the first
EMG potentials, as found for control data (Thomas et al.
2006).

Correlations

There were no significant correlations between the final
indices for first (Fig. 3B) or last EMG potential duration,
amplitude or area and the force fatigue index, or the indices
for postfatigue twitch force. Similarly, the indices for EMG
duration, amplitude and area (first or last potential) at
120 s, were not significantly correlated with any of the
initial or post-tetanic twitch properties or initial maximal
tetanic force.

The force fatigue index was positively correlated with
the post-tetanic twitch CT (r? =0.23; Fig. 4A) and hRT
(r? =0.21), as well as the initial twitch CT (> = 0.35) and
hRT (r? = 0.22), indicating that units with a shorter twitch
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CT and hRT were more fatigable (both P < 0.05). Similar
relationships have been found in some (e.g. Reinking et al.
1975; Kernell et al. 1983) but not all unit studies in animals
(e.g. Goslow et al. 1977) or in control human thenar or
digit units (Thomas et al. 1991b; Fuglevand et al. 1999).
The force fatigue index was not significantly related to
tetanic force (Fig.4B), Fsy, axon conduction velocity, or
twitch force. In control subjects, stronger units were more
fatigable than weaker units) (Thomas et al. 1991b). The
lack of correlation between strength and fatigue in these
paralysed units may reflect partial muscle reinnervation
(Luff et al. 1988; Rafuse & Gordon, 1998) due to death
of some motoneurons after human cervical SCI (Yang
et al. 1990; Thomas, 1997b; Thomas et al. 2002; Thomas
& Zijdewind, 2006).

Post-fatigue responses

Forces evoked by applying trains of stimuli at 5-100 Hz
could be measured in 10 of the 17 units after fatigue.
In the other seven units, the forces were contaminated
by spontaneous discharges of different units or the pulse
pressure wave. There was a significant decrease in force
at each stimulus frequency (5-100Hz; P < 0.05), and
in the twitch force (Fig.5C, P <0.05, n=16 units).
Consequently, higher stimulus rates were needed to
produce any given absolute force in paralysed units after
fatigue. However, the EMG latency, duration, amplitude
and area of the post-fatigue twitches increased significantly
compared to the initial twitch data (P < 0.05, Table 1),
providing more evidence that fatigue occurred distal to
the neuromuscular junction.

Post-fatigue maximal tetanic force, which occurred at
30-50 Hz (similar or lower forces were evoked at higher
stimulus frequencies), was reduced in six units and had
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recovered to initial values in four units by the time it
was recorded (Fig.5A, median recovery time, 77s, did
not relate to force recovery). However, the ratios of forces
evoked at 5, 8 and 10 Hz compared to the maximal tetanic
force were significantly lower post-fatigue (0.22, 0.32 and
0.35, respectively) compared to initial (0.32, 0.41 and
0.47, respectively, P < 0.05), implying that low frequency
fatigue developed during recovery, as found for whole
paralysed muscles (Thomas, 1997a) and for more fatigable
control units (Thomas et al. 1991b).

The post-fatigue Fs, twitch CT and hRT increased for
some units but decreased for others (Fig. 5B, D and E), as
found for control human or cat units (Dubose et al. 1987;
Thomas et al. 19914; Fuglevand et al. 1999). Overall, the
median Fs, increased significantly post-fatigue (P < 0.05,
Table 1) despite significant prolongation of the median
post-fatigue twitch CT and hRT (P < 0.05 compared to
initial twitches only). Since Fs is usually attained in the
steep section of the force—frequency curve, small changes
in frequency after fatigue can make large differences in
evoked force, an important issue for the frequency control
of muscle using functional electrical stimulation.

Discussion

The present data show that thenar motor units are highly
fatigable after they have been paralysed chronically by SCI.
Unit force declined to 8—60% of initial after just 2 min of
stimulation, despite increases in the amplitude and area
of the first EMG potentials in the trains. Furthermore,
the uniform shift in the force fatigue index distribution to
lower values compared to the distribution for motor units
in able-bodied controls (Thomas et al. 1991b) suggests
that all motor units in paralysed thenar muscles were
influenced similarly as a result of chronic SCI. After fatigue,
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Figure 5. Changes in unit twitch and tetanic parameters with fatigue

Initial and post-fatigue maximal tetanic force (A), Fso (B, n = 10 units) and initial, post-tetanic and post-fatigue
twitch force (C), CT (D) and hRT (E, n = 16 units). Data are expressed relative to the respective parameters recorded
initially (A and B) or after trains of stimuli between 5 and 100 Hz (C, D and E). Each line represents data from
1 unit. In 2 units half-maximal force was attained at 1 Hz before fatigue, and increased substantially to 9.4 Hz and

19.6 Hz post-fatigue (B).
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Table 1. Initial, post-tetanic, and postfatigue EMG and contractile properties

Parameter Initial Post-tetanic Post-fatigue
EMG latency (ms) 10.3 10.8 10.7*
8.6-15.3 8.6-15.3 8.9-15.3
EMG duration (ms) 10.9 12.1 12.6*
5.0-17.0 5.0-17.7 5.9-16.7
EMG amplitude (V) 48.2 58.6 67.4*
8.1-327.0 8.5-362.0 11.0-351.5
EMG area (uVs) 0.10 0.11 0.18*
0.01-1.10 0.02-1.23 0.02-1.32
Twitch force (mN) 13.5 14.4 6.4*1
4.5-69.7 7.5-86.6 1.0-36.2
Twitch contraction time (ms) 58.3 61.8 71.5%
46.7-102.0 49.6-101.8 33.1-120.7
Twitch half-relaxation time (ms) 56.2 78.9* 104.9*
41.0-150.0 44.7-275.0 25.5-211.7
Maximum tetanic force (mN) 45.2 — 30.4*
18.2-269.9 14.3-254.3
Twitch/max tetanic force ratio 0.30 0.41* 0.21%}
0.11-0.58 0.17-0.59 0.02-0.37
F5o (HZ) 11.3 — 12.3*
1.0-18.3 8.0-20.4

Values are medians and ranges for 16 units, except for twitch half-relaxation time (n = 13),
maximum tetanic force (n =10) and Fso (n = 10). EMG properties correspond to unit twitch
responses. Initial twitch EMG and contractile properties were recorded prior to delivery of any
stimuli at tetanic frequencies. Post-tetanic twitch data were recorded after a series of pulse trains
at frequencies of 5-100 Hz. Post-fatigue data were recorded after the 2 min fatigue test. *P < 0.05
compared to initial value; {P < 0.05 compared to post-tetanic value.

force deficits were evident at all stimulation frequencies.
Thus, higher frequencies were needed to evoke any given
absolute force in fatigued motor units.

EMG changes with fatigue

During evoked contractions, reductions in force may
stem from impairment of any process that occurs
between neuromuscular transmission and engagement
of the cross-bridges (Gandevia, 2001). In paralysed
units, significant prolongation of EMG duration, and
potentiation of amplitude and area, occurred early for the
first EMG potentials in the trains (from 20s to 1205),
and at a time when the force of every unit was decreasing
(Fig. 2). The broadened motor unit potentials may result
from a reduction in action potential conduction velocity,
whereas potentiation of amplitude and area could reflect
increased membrane Na™—K* pump activity (Hicks &
McComas, 1989). These changes in EMG parameters did
not correlate with the reductions in unit force (Fig. 3B).
These dissociations between changes in EMG parameters
and force, together with the significant potentiation of
both EMG amplitude and area, suggest that paralysed
units retain a safety margin for effective neuromuscular
transmission and that fatigue reflects impaired processes

in the muscle fibres. These data also demonstrate that
changes in unit EMG parameters do not accurately reflect
the fatigability of paralysed units. Similar results have been
found with this same fatigue protocol for units in control
thenar muscles (Chan et al. 1998; Thomas et al. 2006) and
for units in muscles of rats and cats (Burke et al. 1973;
Sandercock et al. 1985; Enoka et al. 1992).

Whether the amplitude or area of a motor unit potential
is better to detect neuromuscular transmission failure is
controversial (Sandercock et al. 1985; Hamm et al. 1989;
Enoka et al. 1992; Fuglevand, 1995; Gardiner & Olha,
1987). Both the amplitude and the area of a motor unit
potential are influenced by a number of factors including
fatigue-induced slowing of fibre conduction velocity
(i.e. increased EMG duration; Dimitrova & Dimitrov,
2003). Hence, the decline in the amplitude of the last
potentialsat 100 s and 120 s may reflect desynchronization
of potentials, possibly due to differential slowing of
conduction velocity for different muscle fibres, as opposed
to activation of fewer fibres (Hamm et al. 1989). Moreover,
given that there was no within-train reduction in force
for any of the 17 units (Fig. 1C), fibre drop-out is less
likely. Alternative explanations for the decline in EMG
amplitude include decreases in Na™—K*t pump activity, a
reduction in the amplitude of the muscle fibre potentials,
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or signal cancellation due to the positive phase of one
action potential overlapping with the negative phase of
an adjacent action potential (Stalberg, 1966; Sandercock
et al. 1985; Fuglevand, 1995). The initial EMG latency and
duration were longer in paralysed units than in control
units (Thomas et al. 2006; Higer-Ross et al. 2006), changes
that could exacerbate signal cancellation.

Force changes during fatigue

In paralysed motor units, progressive and significant
reductions in force were accompanied by increases in
hRT (Fig.1C). Data from control single fibre studies
suggest that this amount of fatigue probably reflects
impaired Ca®* handling (i.e. reduced Ca*" release from the
sarcoplasmic reticulum) and altered cross-bridge kinetics,
both of which may have a metabolic origin (Sandercock
et al. 1985; Westerblad & Allen, 1991; Edman, 1995). The
paralysed thenar units were more fatigable than control
units (Fig. 3B, Thomas et al. 1991b), as found after spinal
transection in cats (Mayer et al. 1984; Munson et al. 1986).
Most paralysed units had intermediate fatigability (70%,
fatigue index > 0.25 < 0.75, Burke et al. 1973). The other
30% were fatigable (fatigue index < 0.25). In contrast,
70% of the control units were fatigue resistant (fatigue
index > 0.75), similar to the type I fibre predominance
of these muscles (63%; Johnson et al. 1973), while the
remaining units had intermediate fatigability (Thomas
et al. 1991b). These findings suggest that chronic paralysis
resulted in profound increases in the intrinsic fatigability
of the muscle fibres since ischaemia is unlikely when only
one motor unit is stimulated. The strongest paralysed
unit in this study (270 mN) produced about 1% of the
mean maximal tetanic force of paralysed thenar muscles
(Thomas et al. 2003), well below the threshold (about
10% maximal voluntary strength) at which blood flow
becomes compromised during whole muscle contractions
(Sjogaard et al. 1988). The predominance of paralysed
units with intermediate fatigability may also reflect the
consequences of motoneuron death after cervical SCI
(Yang et al. 1990; Thomas, 1997b; Thomas et al. 1997,
2002; Thomas & Zijdewind, 2006). Intact axons that
sprout may not completely respecify the type of fibres
they reinnervate (Gordon et al. 1988; Rafuse & Gordon,
1998).

The uniform shift in the distribution of paralysed
unit fatigue indices to lower values suggests that chronic
paralysis increased the fatigability of all units similarly
(Fig. 3A) despite possible muscle reinnervation. Thus, the
excessive fatigability of the paralysed units probably relates
to a combination of factors that may include reduced use,
leading to the conversion of type I fibres to type II, and
to a decline in oxidative enzyme activity (Grimby et al.
1976; Alaimo et al. 1984; Mayer et al. 1984; Munson et al.
1986), since chronic electrical stimulation can improve
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endurance (Peckham et al. 1976; Kernell et al. 1987b;
Martin et al. 1992; Stein et al. 1992; Rochester et al.
1995a,b; Gordon et al. 1997). Paralysed thenar motor units
are often active spontaneously at low rates (Zijdewind &
Thomas, 2001) but whether this reflects a reduction in the
total daily amount of activity is unknown. Although the
average EMG amplitude recorded over 24 h was reduced
in paralysed tibialis anterior muscles (Stein et al. 1992) this
may reflect fibre atrophy. Thus, the relationship between
the amount of involuntary muscle activity and fatigability
remains unclear. Nevertheless, involuntary activity seems
insufficient to maintain the fatigue resistance of paralysed
thenar motor units and muscles. However, the range
of fatigue indices for the paralysed and control unit
populations were similar (0.08-0.60 versus 0.41-0.95,
respectively; Fig. 3A), consistent with studies that show
that the removal or addition of activity modulates the
contractile properties of muscle and motor units but
does not alter the range of parameters (Kernell et al.
1987a,b; Pierotti et al. 1991; Gordon et al. 1997). Hence,
activity-independent factors, including the basic genetic
programme of the muscle fibre, also probably contribute to
the regulation of fatigue resistance (Talmadge et al. 2002).

The median fatigue index for paralysed units (0.31)
was similar to the low fatigue indices reported for whole
paralysed muscles (Rochester et al. 1995a; Shields, 1995;
Thomas et al. 2003). Hence, our findings imply that the
diminished endurance of chronically paralysed muscles
stems largely from the excessive fatigability of the motor
units. Impairment of blood flow and effects that arise
from asynchronous compared to synchronous activation
of fibres with electrical stimulation are likely to make
smaller contributions to the reductions in force (Godfrey
et al. 2002; Thomas et al. 2002; Olive et al. 2003; Butler
et al. 2004; Thomas & Zijdewind, 2006).

Methodological considerations

The location and intraneural stimulation of a single
motor axon to a target muscle (Westling et al. 1990)
is challenging in SCI subjects with impaired sensation,
particularly when muscle spasms and involuntary motor
unit activity contaminate the EMG and force. Even though
these issues limit data yield, three lines of evidence suggest
that our results are representative of the unit population
in paralysed thenar muscles. First, the initial EMG and
contractile properties of these units were similar to the data
obtained from a larger sample (Héger-Ross et al. 2006).
Second, the range of conduction velocities for the 17 units
(25-65 ms™') suggests that we recorded from both small
and large diameter axons (Westling et al. 1990). Finally,
a similar range of force fatigue indices was found for
both paralysed and control units even though these units
differed in absolute fatigability (Thomas et al. 1991b).
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Conclusions

In chronically paralysed thenar motor units, the significant
potentiation of both EMG amplitude and area that
accompanied reductions in force suggest that this
fatigue reflects failure of muscle processes, probably
impaired excitation—contraction coupling and reduced
force generation of the contractile proteins, but not
ineffective transmission of electrical signals. The use of
single motor axon stimulation is likely to have avoided
muscle ischaemia, revealing that the intrinsic fatigability
of paralysed units was greater than that of control thenar
units (Thomas et al. 1991b). However, paralysis does not
restrict the range over which fatigability is modulated for
the population of units in paralysed thenar muscles.
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