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ercise-induced muscle fatigue has been shown to be the consequence
of peripheral factors that impair muscle fiber contractile mechanisms.
Central factors arising within the central nervous system have also
been hypothesized to induce muscle fatigue, but no direct empirical
evidence that is causally associated to reduction of muscle force-
generating capability has yet been reported. We developed a simula-
tion model to investigate whether peripheral factors of muscle fatigue
are sufficient to explain the muscle force behavior observed during
empirical studies of fatiguing voluntary contractions, which is com-
monly attributed to central factors. Peripheral factors of muscle
fatigue were included in the model as a time-dependent decrease in
the amplitude of the motor unit force twitches. Our simulation study
indicated that the force behavior commonly attributed to central
fatigue could be explained solely by peripheral factors during simu-
lated fatiguing submaximal voluntary contractions. It also revealed
important flaws regarding the use of the interpolated twitch response
from electrical stimulation of the muscle as a means for assessing
central fatigue. Our analysis does not directly refute the concept of
central fatigue. However, it raises important concerns about the
manner in which it is measured and about the interpretation of the
commonly accepted causes of central fatigue and questions the very
need for the existence of central fatigue.

central fatigue; motor units; interpolated twitch; voluntary drive

THE SOURCES of exercise-induced muscle fatigue have been
debated since the early 1900s. There is general agreement
on the influence of peripheral factors on muscle fatigue, i.e.,
those that develop within the muscle and impair the muscle
fiber contractile mechanism, such as metabolite accumula-
tion during prolonged exercise (see, e.g., Bergstrom et al.
1967; Hermansen et al. 1967; Pernow and Saltin 1971).
These contractile impairments can be measured as changes
in the amplitude and duration of the elicited muscle force
twitch (Adam and De Luca 2003, 2005; Burke 1981; Ma-
cintosh et al. 1994; Vandervoort et al. 1983).

In addition to the influence of peripheral factors of muscle
fatigue, some studies have put forth the notion of “central
fatigue,” i.e., a limitation in muscle performance caused by
central factors. These would arise within the central nervous
system (CNS) and diminish the voluntary drive to the
motoneuron pool of a muscle. Potential sources include
failure of the motor cortex (see, e.g., Gandevia et al. 1996;
Todd et al. 2007) and the influence of afferent inputs at the
spinal level (see, e.g., Gandevia 2001). Mosso (1904) was
the first to draw attention to this concept, but others have
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followed (e.g., Bellemare and Bigland-Ritchie 1987; Gan-
devia 2001; Reid 1927). Today, central fatigue is commonly
accepted as a physiological phenomenon that plays a rele-
vant role in muscle fatigue and, according to Bigland-
Ritchie et al. (1983) and Gandevia (2001), protects muscles
against excessive effort.

However, unlike the directly observable and verifiable in-
fluence of peripheral factors of muscle fatigue, direct empirical
evidence of central fatigue has yet to be revealed. Suggestive
evidence is typically reported by measuring the so-called
interpolated twitch, i.e., the additional force elicited by supra-
maximal electrical stimulation delivered to a nerve or muscle
during a voluntary contraction. This method was first intro-
duced by Merton (1954). The amplitude of the interpolated
twitch is believed to represent the proportion of available
muscle force generation capacity that remains unused during a
voluntary contraction and, in a corresponding fashion, to pro-
vide an indication of the level of voluntary drive to a muscle.
An exercise-induced increase in the amplitude of the interpo-
lated twitch during maximal efforts is customarily accepted as
evidence of decreasing voluntary drive that is representative of
central fatigue, according to Gandevia (2001) and Taylor et al.
(2009), among others, but this approach has been questioned
by De Haan et al. (2009) and Herzog (2009), among others,
who have argued that the interpolated twitch does not provide
an accurate measure of voluntary drive.

An important weakness of this method is the lack of con-
sideration given to the influence of well-established peripheral
factors of muscle fatigue. Although such influence has been
known for over half a century, we found only one study, by
Schillings et al. (2003), that attempted to take into account the
influence of peripheral factors on central fatigue assessed with
the twitch interpolation technique.

We designed the present study to investigate whether pe-
ripheral factors of muscle fatigue are sufficient to explain the
modifications in muscle force that are observed during fatigu-
ing contractions and that are commonly attributed to central
fatigue. We tested this hypothesis by developing a model that
calculates the force produced by a muscle during voluntary
isometric contractions and during electrical stimulation applied
to a muscle or to the nerve supplying a muscle.

We found that a model that includes only peripheral factors
of muscle fatigue is able to replicate empirical results from
studies of fatiguing contractions sustained at submaximal force
levels without requiring the involvement of central factors. We
also identified weakness and dubiousness in the reliability of
the interpolated twitch as a measure of central fatigue during
maximal voluntary efforts.
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METHODS
Force Model

We approached the problem by using our previously developed
model for the simulation of motor unit firing behavior and muscle
force during voluntary isometric contractions (Contessa and De Luca
2013; De Luca and Contessa 2015). The model was modified to
include the simulation of motor unit firing behavior and muscle force
produced from electrical stimulation of a muscle or nerve. For a
complete description of the original and modified model, see Contessa
and De Luca (2013) and the APPENDIX.

The block diagram of the modified force model is shown in Fig. 1.
It includes two sources of excitation that are the inputs to the model:
the voluntary (Fig. 1A7) and the elicited (Fig. 1A2) input excitation.
The voluntary input excitation represents the combined excitation
from the CNS and from the peripheral nervous system to the mo-
toneuron pool of a muscle during voluntary contractions. The elicited
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input excitation represents the excitation delivered by electrical stim-
ulation to either a muscle or a nerve supplying a muscle. Motor units
are activated as a result of both excitation sources. Their firing
behavior (Fig. 1C) depends on the interaction between the motor unit
action potentials (MUAPs) generated as a result of voluntary (Fig.
1B1) and elicited (Fig. 1B2) input excitation, as described in the
APPENDIX. Motor unit firings are converted into motor unit force
twitches (Fig. 1D). Their amplitude is modeled to vary as a function
of time and motor unit firing rate to introduce the effect of peripheral
fatigue and the nonlinear relation between force and firing rate (Bawa
and Stein 1976). For details, see Contessa and De Luca (2013). The
individual motor unit force twitches are convolved with the motor unit
firing trains to calculate the motor unit forces, which are then summed
to produce the output force generated by the muscle (Fig. 1E). The
simulated output force is calibrated in percentage of the maximal
voluntary contraction (MVC) force, i.e., the force produced when all
motor units are activated at maximal voluntary input excitation. A
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Fig. 1. Model schematic. The force model has
2 inputs: the voluntary input excitation (A7)
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force feedback loop is implemented to simulate muscle force sus-
tained at fixed target force levels (Fig. 1F).

Simulated Contraction Protocols

With the model, we investigated the influence of peripheral factors
of muscle fatigue on the simulated muscle force and on the amplitude
of the interpolated twitch in the first dorsal interosseous (FDI) muscle.
We simulated three protocols of voluntary contractions with different
involvements of peripheral factors of muscle fatigue: /) brief con-
stant-force contractions, 2) maximal-effort contractions, and 3) re-
peated submaximal contractions. Electrical stimulation of the muscle
or nerve supplying the muscle was simulated during the contractions
to measure the interpolated twitch. Each simulated contraction proto-
col was repeated 10 times, and data are presented in RESULTS as means
* SD of the results from the 10 repetitions. The contraction protocols
are described below.

Brief constant-force contractions. We performed two sets of sim-
ulations to gain insights on the effect of force level and stimulation
intensity on the amplitude of the interpolated twitch in the absence of
peripheral fatigue. In the first set, voluntary force was sustained for 4
s at a level ranging from 0% to 100% MVC in different contractions,
and a single maximal electrical stimulus was simulated during the
task. In the second set, voluntary force was maintained at 100% MVC
for 4 s, and the intensity of an electrical stimulus simulated during the
task was varied from 0 to maximal in different contractions. Electrical
stimulation was modeled to activate motor units either in random
order or in the order of inverse physiological recruitment, i.e., pro-
gressively lower-threshold motor units were activated with increasing
stimulation intensity (refer to APPENDIX for additional details).

Maximal-effort contractions. Based on the protocol described by
Bigland-Ritchie et al. (1982), we simulated a maximal voluntary
effort sustained for 60 s, during which muscle force decreased from
100% MVC at the beginning to 60% MVC at the end of the task.
Peripheral fatigue was modeled as a linear time-varying decrease in
the amplitude of the motor unit force twitches that replicated the
empirically observed reduction in muscle force. We ensured that no
central fatigue developed by constraining the voluntary input excita-
tion to remain maximal throughout the task. Every 10 s, the contrac-
tion was interrupted to calculate the resting twitch, i.e., the force
produced when electrically stimulating the muscle in the absence of
voluntary contraction. Before each break, a single maximal electrical
stimulus was also superimposed on the simulated voluntary force.

Repeated submaximal contractions. Based on empirical studies of
submaximal contractions reported in the literature (Eichelberger and
Bilodeau 2007; Lloyd et al. 1991; Smith et al. 2007), we simulated a
series of repeated contractions sustained at 20% MVC until the
endurance limit, i.e., until the simulated force could no longer be
sustained within 5% of the required target level. The 20% MVC target
level was chosen because we had modeled the effect of peripheral
fatigue on the amplitude of the motor unit force twitches in the FDI
muscle during contractions at this force level in a previous study
(Contessa and De Luca 2013). Briefly, the amplitude was increased
linearly over time in the first 60 s of the contraction series (potenti-
ation phase) and subsequently decreased over time. For details, see
Contessa and De Luca (2013). Every 30 s during the task, brief
maximal efforts of 3-s duration were simulated. Single maximal
electrical stimuli were delivered during the maximal efforts, to cal-
culate the interpolated twitch, and in between contractions, to calcu-
late the resting twitch. We ensured that no central fatigue developed
by constraining the voluntary input excitation to remain maximal
during the simulated maximal efforts. The voluntary input excitation
was allowed to vary during the submaximal task in order to compen-
sate for the reduction in muscle force generation capacity caused by
peripheral fatigue. In this way, the muscle force was maintained at the
required 20% MVC target level (for details see Contessa and De Luca
2013).
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In our model the voluntary input excitation was constrained to
remain at maximal level during simulated maximal efforts in order
to ensure that no central fatigue developed. It is important to note
that the simulated voluntary input excitation does not represent
only the influence of descending inputs from the CNS to the
motoneuron pool of a muscle. It includes both descending inputs
from the CNS and peripheral inputs from the peripheral nervous
system, both of which combine to affect the firing behavior of the
motoneurons in a muscle. Therefore, it effectively represents the
level of voluntary drive to a muscle (see Contessa and De Luca
2013 and appENDIX for details).

Quantification of Voluntary Drive

During the simulated contractions, we quantified the level of
voluntary drive to the FDI muscle with two parameters that are
commonly used in studies of central fatigue: the voluntary activation
index (Merton 1954) and the central activation ratio (Kent-Braun and
Le Blanc 1996). They are graphically depicted in Fig. 2, A and B,
respectively.

The voluntary activation index is calculated as

voluntary activation index (%) = (1 = Tinterp” Trcst) X100 (1)
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Fig. 2. Quantification of voluntary drive. Graphic representation of 2
measures of voluntary drive: the voluntary activation index (VA; A) and the
central activation ratio (CAR; B). A maximal stimulus is delivered during
a voluntary contraction, and the additional force elicited by the stimulation
is referred to as the interpolated twitch, or Tj,.,,. For the computation of
VA, an additional force twitch is elicited by electrical stimulation on the
muscle at rest (in the absence of concurrent voluntary contraction) and is
referred to as the resting twitch, or T . Fyop is the magnitude of the
muscle force generated during voluntary contraction. Arrows indicate the
time of electrical stimulation.

J Neurophysiol » doi:10.1152/jn.00889.2015 « www.jn.org



970

where T, is the interpolated twitch and T

The central activation ratio is calculated as

. is the resting twitch.

res

central activation ratio (%) = Fyor/ (FVOL + Tinerp

) X 100 (2)
where Fy o, is the muscle force produced during a voluntary effort.

Voluntary drive is considered to be maximal when electrical
stimulation does not elicit additional force over a voluntary contrac-

tion (T, = 0, voluntary activation index = 100%, central activa-

interp

tion ratio = 100%).

RESULTS
Brief Constant-Force Contractions

Figure 3A presents the results of the simulated contractions
sustained at constant-force levels ranging from 0% to 100%
MVC with a superimposed maximal stimulus. Figure 3, B and
C, present the results of the simulated contractions sustained at

A

CENTRAL FATIGUE DURING VOLUNTARY CONTRACTIONS

100% MVC with superimposed electrical stimuli delivered at
stimulation intensities ranging from 0 to maximal. Electrical
stimulation, mimicking that applied directly to the nerve,
activated motor units in the order of inverse physiological
recruitment (Fig. 3B). That mimicking electrical stimulation
applied directly to the muscle activated motor units in random
order (Fig. 3C). Figure 3, left, shows the muscle force simu-
lated at increasing force level and stimulation intensity. Figure
3, right, shows the amplitude of the interpolated twitch, the
voluntary activation index, and the central activation ratio,
calculated as a function of increasing force level and stimula-
tion intensity.

As the level of voluntary force increased from 0% to
100% MVC, the amplitude of the interpolated twitch de-
creased, whereas the voluntary activation index and the
central activation ratio increased (see Fig. 3A, right). The
two measures of voluntary drive never reached maximal
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level, not even when muscle activation was maximal (100%
MVC simulated force). These data indicate that the maximal
voluntary force that can be generated with the FDI is lower
than the total amount of force that the muscle can produce
when electrically stimulated.

As the level of stimulation intensity increased from 0 to
maximal, the amplitude of the interpolated twitch increased
(see Fig. 3, B and C, right). The two measures of voluntary
drive displayed opposite trends: the voluntary activation
index increased while the central activation ratio decreased
with increasing stimulation intensity (see Fig. 3, B and C,
right). At any stimulation intensity, the amplitude of the
interpolated twitch was lower when electrical stimulation
activated motor units in random order rather than in the
order of inverse physiological recruitment (compare Fig. 3,
B and C, right). This finding is expected because the
higher-threshold, higher-amplitude force twitch motor units
always contribute to the elicited force when motor units are
activated in the order of inverse physiological recruitment.
However, when motor units are activated in the order of
inverse physiological recruitment the amplitude of the in-
terpolated twitch tends to saturate with increasing stimula-
tion intensity as may be seen in Fig. 3B. This feature
indicates that, as progressively lower-threshold, lower-am-
plitude force twitch motor units are activated by increasing
stimulation intensity, they contribute a lesser amount to the
amplitude of the interpolated twitch. This saturation phe-
nomenon does not occur during increasing electrical stim-
ulation in which higher-threshold, higher-amplitude force
twitch motor units are activated in random order (see Fig.
3C). At low stimulation intensities (<50% of maximal), the
amplitude of the interpolated twitch was close to the mag-
nitude of the fluctuations in the simulated muscle force
when electrical stimulation activated motor units in random
order, as shown in Fig. 3B, left. See Fig. 3 and Table 1 for
details.

Note that the central activation ratio produced higher
estimates of voluntary drive than the voluntary activation
index. These two measures of voluntary drive were based on
the magnitude of voluntary maximal force and on the
amplitude of a single elicited resting twitch, respectively.
However, the amplitude of a single elicited resting twitch is

Table 1.

971

always lower than the magnitude of voluntary maximal
force produced by the summation of numerous motor unit
force twitches. In this circumstance, it follows that our
estimates of voluntary drive calculated with the central
activation ratio are higher than those calculated with the
voluntary activation index. Also note that the voluntary
activation index obtained from our simulated data is lower
(between 70% and 80% in nonfatiguing conditions) than
that reported in some empirical studies for the FDI muscle
(93-95% in Eichelberger and Bilodeau 2007). This differ-
ence likely derives from the use of electrical tetanic stimu-
lation, which produces an elicited resting force higher than
that produced by a single simulated electrical stimulus, in
the empirical studies.

Maximal-Effort Contractions

Figure 4A shows the muscle force and the voluntary input
excitation from one repetition of the simulated maximal-
effort contraction during which peripheral fatigue devel-
oped; arrows indicate the time of simulated electrical stim-
ulation. Means = SD of the amplitude of the interpolated
twitch, voluntary activation index, and central activation
ratio calculated from the 10 repetitions of the simulated
tasks are shown in Fig. 4B. The voluntary activation index
and central activation ratio from all repetitions of the con-
traction protocol are displayed in Fig. 4C.

The effect of peripheral fatigue is evident from the progres-
sive decrease in the simulated voluntary muscle force from
100% to 60% MVC during the task (Fig. 4A4). Central fatigue
did not develop, as evidenced by the fact that the voluntary
input excitation remained maximal throughout the task (Fig.
4A). The amplitude of the interpolated twitch decreased sig-
nificantly (P < 0.05, 2-tailed 2-sample ¢-test) over time (Fig.
4B). The voluntary activation index and central activation ratio
did not vary (P = 0.46 and P = 0.45, respectively, 2-tailed
2-sample r-test) at the end of the contraction (Fig. 4B). Con-
siderable variability was observed among repetitions of the
simulated task, with voluntary drive increasing over time in
some repetitions and decreasing in others (Fig. 4C). See Fig. 4
and Table 2 for details.

Amplitude of interpolated twitch and voluntary drive as function of voluntary force and stimulation intensity

Maximal stimulation intensity
Voluntary force, % MVC
Tinterpr % MVC
VA, %
CAR, %
Maximal voluntary force and reversed MU recruitment
Stimulation intensity, % max
Tinterps % MVC
VA, %
CAR, %
Maximal voluntary force and random MU recruitment
Stimulation intensity, % max
Tinterpr % MVC
VA, %
CAR, %

0%
36.7 0

0%

0%

5% 25% 50% 75% 100%
355=*0.1 28.7*x0.5 21.3 0.8 14.6 = 0.8 102 = 1.1
33203 21814 420=*=23 60.2 =23 72.1 =29
125 0.1 47.0 0.5 69.9 = 0.8 835 0.8 90.6 = 0.9

5% 25% 50% 75% 100%
33212 73 1.1 9.6 =09 9.9*+09 99+ 1.1
43.7+20.2 632 *54 67.7 3.1 714 25 732*29
96.8 = 1.1 932 =09 91.3 0.8 91.1 =0.7 91.1 =09

5% 25% 50% 75% 100%
22=*1.1 35*08 55*x12 8.1*12 102 = 1.1
—154 £57.6 62.7 = 8.6 68.6 = 6.6 70.5 = 4.4 723 =29
979 + 1.1 96.6 = 0.8 948 1.1 925 *1.0 90.8 = 0.9

Values are averages * SD of the estimates from 10 repetitions of the simulated protocol for amplitude of the interpolated twitch (T;,,,), voluntary activation
index (VA), and central activation ratio (CAR) as a function of increasing voluntary force (fop) and stimulation intensity (middle and bottom). Electrical
stimulation was modeled to activate motor units in the order of inverse physiological recruitment (middle) and in random order (bottom). MU, motor unit. MVC,

maximal voluntary contraction.
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Repeated Constant-Force Contractions

Figure 5 presents the results of the simulated submaximal
contractions sustained at 20% MVC with intermittent super-
imposed brief maximal efforts. The simulated muscle force and
the voluntary input excitation during the first, middle, and last
contractions of the series are shown in Fig. 5A for one repeti-
tion of the simulated protocol; arrows indicate the time of
simulated electrical stimulation. The amplitude of the interpo-
lated twitch and the voluntary activation index and central
activation ratio during the task are shown in Fig. 5, B and C,
respectively.

As the muscle force generation capacity decreased over
time, i.e., peripheral fatigue developed, the voluntary input
excitation needed to sustain the 20% MVC target force level
increased in subsequent contractions (see Fig. 5SA). It reached
maximal level at the endurance limit (after 21 min). At this

Table 2. Simulated maximal voluntary efforts

Contraction #

time, the simulated maximal effort did not produce additional
force over the 20% MVC force level. The muscle force
simulated during the brief maximal efforts decreased over
time, as evident from the progressive decrease in the highest
voluntary muscle force level produced in subsequent contrac-
tions (see Fig. 5A). This phenomenon can be attributed entirely
to peripheral factors, since central fatigue did not develop
during the task. (Note that the voluntary input excitation during
brief maximal efforts remained maximal throughout the fatigu-
ing contraction series, as may be seen in Fig. 5A). The ampli-
tude of the interpolated twitch, the voluntary activation index,
and the central activation ratio decreased significantly (P <
0.05, 2-tailed 2-sample #-test) at the endurance limit (Fig. 5, B
and C). Both measures of voluntary drive decreased even
though we ensured that no central fatigue developed. See Fig.
5 and Table 3 for details.

Repetition No.

1 2 3 4 5 Average
Voluntary muscle force, % MVC (first-last contraction) 92.1-57.8 93.0-58.0 91.2-57.4 91.5-57.4 92.4-57.7 92.2 +0.6-57.7 = 0.3
Tinterp % MVC (first-last contraction) 8.7-4.7 9.1-6.2 7.9-6.3 8.9-5.3 7.6-4.6 8.8 £0.7-53 = 0.7*
VA, % (first-last contraction) 73.8-77.6 72.8-70.8 76.3-69.8 73.1-74.4 77.2-78.0 73.8 £1.9-748 =34
CAR, % (first-last contraction) 91.3-92.5 91.0-90.4 92.1-90.1 91.1-91.5 92.4-92.6 91.3 £0.6-91.6 = 1.0

Data from 5 repetitions of the simulated contraction protocol are presented (repetitions 1-5) as well as averages * SD of the estimates from all 10 repetitions
of the simulated protocol for voluntary muscle force, amplitude of T;,,,, VA, and CAR calculated at the beginning (after ~10 s, first contraction) and at the
end (after ~60 s, last contraction) of a simulated maximal voluntary effort during which peripheral fatigue developed. Peripheral fatigue was modeled as a
time-varying decrease in amplitude of motor unit force twitches. Voluntary input excitation was maintained at maximal levels. *Statistically significant change

at the end of the contraction protocol (P < 0.05, 2-tailed 2-sample #-test).
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Fig. 5. Repeated submaximal voluntary contractions. A: simulated muscle force during the first, middle, and last contractions of a series of tasks sustained at 20%
MVC during which peripheral fatigue developed and repeated until the endurance limit. Peripheral fatigue was modeled as a time-varying decrease in the
amplitude of the force twitch of the active motor units. A 3-s maximal effort was simulated at the end of each repetition. A single maximal stimulus was simulated
on the superimposed maximal effort and on the muscle at rest between contractions. Voluntary input excitation increased over time in order to compensate for
the decrease in the amplitude of the motor unit force twitches (i.e., peripheral fatigue) and maintain the 20% MVC target force level (see text for details).
Voluntary input excitation remained at maximal level during every maximal task to exclude the development of central fatigue. Arrows indicate the time of

simulated electrical stimulation. B: amplitude of T;
the estimates from 10 repetitions of the simulated protocol.

DISCUSSION

We performed a series of simulations to gain a better
understanding of the attributes commonly assigned to central
fatigue and their relation with peripheral fatigue. We identified
two major concerns that question the cogency of the parame-
ters used to measure the degree of central fatigue. One relates
to the influence of peripheral factors on parametric measures of
voluntary drive and central fatigue. The other relates to the
reliability of parametric measures of voluntary drive and cen-
tral fatigue that are typically reported in the literature.

Table 3. Repeated submaximal voluntary contractions

First Contraction Middle Contraction Last Contraction

Tinterps % MVC 95+ 1.0 82 =09 3.1 % 0.3%
VA, % 770 23 703 =33 63.7 = 3.0%
CAR, % 925+ 0.7 89.8 = 1.0 86.6 * 1.0%

Values are averages = SD of the estimates from 10 repetitions of the
simulated protocol for amplitude of T;,..,,» VA, and CAR in the first, middle,
and last contractions of a series of simulated contractions sustained at 20%
MVC during which peripheral fatigue developed and repeated until the
endurance limit. Peripheral fatigue was modeled as a time-varying decrease in
the amplitude of the force twitch of the active motor units. *Statistically
significant change at the end of the simulated contraction protocol (P < 0.05,
2-tailed 2-sample r-test).

interp @8 @ function of time. C: VA and CAR as a function of time. Values are displayed as averages = SD of

Influence of Peripheral Factors on Interpolated Twitch and
Measures of Voluntary Drive and Central Fatigue

During simulated contractions sustained at submaximal
force levels, the behavior of parameters used to measure
central fatigue could be explained solely by the influence of
peripheral factors. As shown in Fig. 5C, the characteristics
used to measure the level of voluntary drive to the muscle
decreased over the course of a simulated submaximal contrac-
tion protocol that included only peripheral factors of muscle
fatigue. This finding indicates that central factors are not
required to reproduce the decrease in voluntary drive that is
typically reported in empirical studies of fatiguing submaximal
contractions (Eichelberger and Bilodeau 2007; Lloyd et al.
1991; Smith et al. 2007; Sg@gaard et al. 2006). Consequently,
reports of a decrease in voluntary drive during submaximal
efforts should be interpreted carefully, and their implications
concerning the presence of central fatigue need to be scruti-
nized with caution and objectivity.

While peripheral factors alone were sufficient to replicate a
decrease in voluntary drive during simulated submaximal con-
tractions, the same effect was not observed during simulated
maximal efforts. As shown in Fig. 4B, the parameters used to
measure the level of voluntary drive to the muscle did not vary,
on average, during simulated maximal efforts that included
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only peripheral factors of muscle fatigue. Also, peripheral
factors alone did not replicate the increase in the amplitude of
the interpolated twitch that is sometimes reported in empirical
studies of sustained maximal voluntary efforts (Gandevia et al.
1996). These observations do not imply that central factors are
required to produce a decrease in voluntary drive or an increase
in the amplitude of the interpolated twitch during fatiguing
maximal efforts. As described in the next paragraph, measures
of voluntary drive and central fatigue are prone to variability
and methodological errors that may lead to deceiving results.

In our simulations, peripheral factors of muscle fatigue were
modeled to influence only the amplitude and not the time
duration of the motor unit force twitches. This choice was
motivated by the lack of agreement and data in the literature as
to the behavior of the force twitch duration during muscle
fatigue. For instance, muscle force twitch duration during
fatiguing contractions was reported to increase by Bigland-
Ritchie et al. (1983), to decrease by Vgllestad et al. (1997), and
to remain constant by Binder-MacLeod and MacDermond
(1993). Data on the time-varying adaptations in the duration of
individual motor unit force twitches are also scarce (see Con-
tessa and De Luca 2013 for details). In the presence of this
ambiguity, how the durations of the force twitch of individual
motor units change cannot be established; thus we kept the
time duration fixed.

The influence of peripheral factors on the shape of the motor
unit force twitches raises a fundamental concern about using
the interpolated twitch, which is constructed with the force
twitches of the motor units that are excitable during the
fatigue-inducing voluntary contraction. This methodology,
which has been used consistently over the past six decades,
contains a fundamental dichotomy wherein a parameter influ-
enced by peripheral fatigue is used to measure the presence and
degree of central fatigue.

Reliability of Interpolated Twitch as Measure of Voluntary
Drive and Central Fatigue

Our simulation analysis demonstrated that the amplitude of
the interpolated twitch is highly variable and cannot provide a
reliable indication of voluntary drive. The reliability of the
interpolated twitch as a measure of central fatigue is also
weakened by erroneous assumptions and methodological dif-
ficulties. Both issues are discussed below.

Variability in measures of voluntary drive and central
fatigue. On average, the measured level of voluntary drive to
the muscle did not vary during the 10 repetitions of the
simulated maximal effort that included only peripheral factors
of muscle fatigue. However, when considering individual rep-
etitions of the simulated protocol, contrasting fatigue-depen-
dent patterns in the level of voluntary drive to the muscle were
observed. As shown in Fig. 4C, voluntary drive both increased
and decreased over time in different repetitions of the simula-
tions. These data indicate that the interpolated twitch produces
highly variable estimates of voluntary drive that may lead to
erroneous identification of central fatigue.

Note that in the simulation results presented in Fig. 4 none
of the parameters of the model was altered in the various
repetitions of the simulation. Therefore, the variability ob-
served in the estimates of voluntary drive was solely a conse-
quence of the physiological synaptic noise included in the
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model that characterizes motor unit firing behavior and that
influences the summation of their force twitches. In actual
empirical conditions other factors, such as the level of stimu-
lation intensity, the number and type of stimulated motor units,
or the level of voluntary input excitation, may introduce even
greater variability in the estimates, as discussed by Arampatzis
et al. (2007), Babault (2009), Herzog (2009), Folland and
Williams (2007), and Oskouei et al. (2003), among others. As
an example, consider that only some studies (Bilodeau 2006;
McKenzie et al. 1992; Schillings et al. 2003; Todd et al. 2003)
but not others (Bigland-Ritchie et al. 1978; Schillings et al.
2007) have observed exercise-induced central fatigue during
voluntary fatiguing contractions. Contrasting patterns of vol-
untary drive are also commonly observed when comparing
different subjects, muscles, or contraction protocols.

We investigated the influence of stimulation intensity on the
amplitude of the interpolated twitch in Fig. 3, B and C.
Submaximal stimulation intensities activate only a portion of
the motor units available in the muscle and lead to considerable
variability in the results depending on the number and type of
stimulated motor units. They also lead to low-amplitude inter-
polated twitches that may be difficult to distinguish from
ordinary fluctuations of voluntary muscle force. The pragmatic
challenges of delivering electrical stimulation during maximal
efforts and accurately calculating the increment in force intro-
duce an additional level of complexity and uncertainty to the
measurement of central fatigue.

The high degree of variability in the measures of voluntary
drive observed both in our simulations and in empirical studies
confirms the technical difficulties that hinder the investigation
of central fatigue. It also indicates that current measures of
voluntary drive cannot be reliably applied to measure or
identify central fatigue.

Methodological concerns on use of interpolated twitch as
measure of voluntary drive and central fatigue. The amplitude
of the interpolated twitch is used to measure the proportion of
available voluntary muscle force that cannot be accessed dur-
ing voluntary contractions. As previously indicated by Herzog
(2009), this method is based on the erroneous assumption that
muscles are controlled to exert their full force potential. How-
ever, it is now known that during voluntary contractions the
high-threshold motor units do not produce fully fused forces,
not even during maximal efforts (De Luca and Contessa 2015;
De Luca and Erim 1994; Hu et al. 2014), whereas electrically
stimulated high-threshold motor units can be excited to fire at
rates greater than those that occur naturally and tetanize their
forces, producing greater total muscle force. Additionally, the
simultaneous stimulation of motor units induces synchronized
firings, causing a localized summation of their force twitches
that leads to greater interpolated twitch. It follows that the
amplitude of the interpolated twitch is not a reliable indicator
of the level of voluntary drive to a muscle. This is evident in
Fig. 3, where we show that maximal electrical stimulation
always produces an increment over voluntary muscle force,
i.e., a visible interpolated twitch, even during simulated max-
imal voluntary efforts.

Another concern relates to the procedure for measuring
voluntary drive and central fatigue during maximal voluntary
efforts. Proper execution of maximal efforts is challenging and
requires extensive training and motivation. Even so, increased
perceived effort due to developing peripheral fatigue may
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induce subjects to intentionally decrease the contraction
strength in an attempt to ease the task or prolong the contrac-
tion duration. This behavior would lead to reductions in vol-
untary drive that could be erroneously interpreted as the oc-
currence of central fatigue. The challenges of performing
genuine maximal efforts may also provide an explanation for
the inconsistent reports in the literature. For instance, previous
studies using the interpolated twitch have reported that muscles
can (Bigland-Ritchie et al. 1986; Gandevia and McKenzie
1988; Merton 1954; Todd et al. 2003) and cannot (Belanger
and McComas 1981; Bigland-Ritchie et al. 1992; Dowling et
al. 1994; Lloyd et al. 1991) be activated maximally during
maximal voluntary efforts.

These concerns that relate to the use of the interpolated
twitch as a measure of voluntary drive and central fatigue are
valid without regard to the method used to elicit the interpo-
lated twitch. For instance, over the past 20 years transcranial
magnetic stimulation (TMS) has been applied to measure
central fatigue. This methodology originated from the pre-
sumption that supraspinal sources of central fatigue derive
from failure of the motor cortex to provide adequate descend-
ing drive to the motoneuron pool of a muscle (see, e.g.,
Gandevia et al. 1996; Todd et al. 2007). Briefly, the motor
cortex is stimulated with TMS during maximal voluntary
efforts, and fatigue-induced changes in the amplitude of the
interpolated twitch elicited by TMS are measured. This meth-
odology is similar to that previously described for electrical
stimulation. Therefore, evidence of central fatigue derived with
the use of TMS-elicited interpolated twitch is subject to the
same drawbacks and methodological errors that affect the
measurement of the electrically elicited interpolated twitch.

Does the Notion of Central Fatigue Fulfill a Need?

We have discussed challenges and confounding factors that
raise concerns regarding commonly accepted measures of vol-
untary drive and central fatigue. Even if we assume that central
fatigue develops during fatiguing voluntary contractions, it
would have only a minor influence on force performance.
During fatiguing tasks, most (at least 80%—90%) of the ob-
served force loss is commonly attributed to peripheral factors
(Gandevia et al. 1996; Schillings et al. 2003, 2007; Smith et al.
2007), and the reported decrease in voluntary drive is typically
very low, ranging from 5% to 10% (Eichelberger and Bilodeau
2007; Gandevia et al. 1996; Lloyd et al. 1991). The weakness
of these observations raises questions about the impact of
central factors on muscle fatigue.

Despite the minor effect of central fatigue, this phenomenon
has been ascribed the functional purpose of protecting muscles
from excessive fatigue and contractile failure (Gandevia 2001;
St Clair Gibson et al. 2001). In a practical sense, these neural
protective mechanisms are likely not necessary. According to
recent understanding, it appears that the control of motoneu-
rons has not evolved to maximize the force that can be
produced by a muscle (De Luca and Contessa 2012, 2015; Hu
et al. 2014). We and others (e.g., De Luca et al. 1982a; Holobar
et al. 2009; Masakado et al. 1995; Person and Kudina 1972;
Seyffarth 1940; Stock et al. 2012) have shown that the control
of motor unit firing rates is organized in an inverse hierarchical
arrangement referred to as the “onion-skin” scheme (De Luca
and Erim 1994), in which earlier-recruited motor units have

greater firing rates than later-recruited ones during voluntary
tasks. Even at maximal force level, higher-threshold motor
units never reach the firing rates needed to produce fused force
and muscles do not exert their full force potential.

In conclusion, our analysis does not directly refute the
concept of central fatigue. However, it raises troubling ques-
tions about the interpretation of the proposed causes of central
fatigue, and it shows that the attributes assigned to central
fatigue can be explained solely by peripheral factors. Conse-
quently, observations of central fatigue should be interpreted
with scrutiny and abundant objectivity.

After six decades of discussion, it still remains for empirical
evidence supporting the existence of central fatigue to be
offered. Until then, the notion of central fatigue remains an
unsubstantiated conjecture that has not strengthened its posi-
tion in neurophysiology.

APPENDIX: SIMULATION MODEL: EFFECT OF VOLUNTARY
AND ELICITED INPUT EXCITATION

Effect of Voluntary Input Excitation

The voluntary input excitation, ¢, is based on the concept of
common drive (De Luca et al. 1982b), which describes a common
excitation driving the firing behavior of all the motor units in the
motoneuron pool of a muscle. It ranges from ¢ = 0, when no motor
unit is active and no force is produced, to ¢ = 1, the maximal level
of voluntary input excitation required to produce the maximal volun-
tary contraction (MVC) force.

The first dorsal interosseous (FDI) muscle is represented by 120
motor units as described by Feinstein et al. (1955). Motor units are
activated when ¢ is greater than or equal to their recruitment threshold
value, 7, which ranges over 0 < 7 < 67%, as identified by De Luca
and Hostage (2010). The firing rate of each active motor unit increases
as a negative exponential with increasing voluntary input excitation
and is inversely related to the motor unit recruitment threshold. This
hierarchical inverse relationship between voluntary input excitation
and motor unit firing rate forms a firing rate spectrum, which we refer
to as the “onion skin.” In this spectrum, lower-threshold motor units
have greater firing rates than higher-threshold ones at any time and
force during voluntary contractions (see De Luca et al. 1982a; De
Luca and Contessa 2012; De Luca and Erim 1994 for details). The
motor unit firing rates are translated into time-varying impulse trains,
to which noise is added by modeling the interpulse interval (IPI)
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Block Failure Resetting
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|
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Stimulation % , ,\/L ’ J\r } Voluntary
Site ,\/L action potential
l l 1{L Orthodromic elicited
action potential
Muscle Antidromic elicited
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Fig. Al. Interaction between voluntary and elicited firings. Graphic represen-
tation of the interactions between voluntary and elicited action potentials:
collision block (A), stimulation failure (B), and phase resetting (C). Refer to
text for additional details.
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between two adjacent firings of a motor unit as a random variable with
Gaussian distribution and a coefficient of variation of 20% (Clamann
1969; Macefield et al. 2000; Moritz et al. 2005; Nordstrom et al.
1992). For more details, see Contessa and De Luca (2013).

Effect of Elicited Input Excitation

The elicited input excitation, &, determines the percentage of motor
units that are activated by electrical stimulation. It ranges from & = 0,
when no motor unit is activated, to € = 1, the maximal level of
elicited input excitation that activates all the motor units in the
motoneuron pool of the muscle. The model allows the simulation of
electrical stimulation delivered either to the motor point over a muscle
or to the nerve supplying a muscle. In the first case, motor units are
activated in random order with uniform probability distribution as
indicated by the empirical evidence presented by Knaflitz et al. (1990)
and Gregory and Bickel (2005). In the second case, motor units are
activated in inverse order of physiological recruitment, i.e., in the
order of decreasing recruitment threshold 7, as suggested by the
empirical studies of Bergquist et al. (2011, 2012).

When a motoneuron is activated by elicited input excitation, the
motor unit action potential (MUAP) generated at the stimulation site
travels in two directions: toward the muscle in a time ¢, (orthodromic
elicited MUAP) and toward the neuron body and away from the
muscle in a time #;,. (antidromic elicited MUAP). Orthodromic and
antidromic elicited MUAPs are shown in Fig. Al. If the motoneuron
is concurrently active as a result of voluntary input excitation, volun-
tary MUAPs are also generated at the motoneuron body and travel
toward the muscle fibers in a time ,, + f,.. They are also shown in Fig.
Al. The interaction between voluntary and elicited MUAPs is mod-
eled according to the work of Crago and Makowski (2014). Briefly,
three types of interactions can occur: collision block, stimulation
failure, and phase resetting. These are graphically depicted in Fig. Al.
Collision block occurs when the antidromic elicited MUAP collides
with a voluntary MUAP. Collision block prevents the antidromic
elicited MUAP from reaching the motoneuron body and averts the
firing that would be otherwise generated by the voluntary MUAP
upon arrival at the muscle. Only the orthodromic elicited MUAP
generated at the stimulation site reaches the muscle after a time 7, and
results in a motor unit firing. Stimulation failure occurs when the
elicited input excitation is delivered during the motoneuron refractory
period ¢, after a voluntary MUAP has traveled past the stimulation
site. The transition of a voluntary MUAP depolarizes the motoneuron
axon and prevents the generation of elicited MUAPs for the time z,.
Thus the elicited input excitation fails to produce a response and only
the voluntary MUAP reaches the muscle causing the motor unit to fire.
Phase resetting refers to a delay in the generation of voluntary
MUAPs at the motoneuron body after the arrival of an antidromic
elicited MUAP. This event resets the motoneuron body to its resting
potential and delays the generation of voluntary MUAPs. A motor unit
firing is generated as a result of the orthodromic elicited MUAP.

Following the work of Jami and Petit (1975) and of Dengler et al.
(1988), the motor unit axonal conduction velocity was taken to range
between 40 and 62 m/s and to vary linearly with the logarithm of the
amplitude of the motor unit force twitches. The distance between the
spinal cord and the ulnar nerve and between the spinal cord and the FDI
muscle was taken to be 0.72 m and 0.8 m, respectively (Crago et al.
2014). Using these values, 7;. and 7, ranged between 12.9 and 20 ms and
between 0.3 and 2 ms, respectively. The motoneuron refractory period 7.
was fixed at 2 ms for all motor units (Borg 1983, 1984).
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