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Contessa P, De Luca CJ. Neural control of muscle force: indications
from a simulation model. J Neurophysiol 109: 1548-1570, 2013. First
published December 12, 2012; doi:10.1152/jn.00237.2012.—We de-
veloped a model to investigate the influence of the muscle force twitch
on the simulated firing behavior of motoneurons and muscle force
production during voluntary isometric contractions. The input consists
of an excitatory signal common to all the motor units in the pool of a
muscle, consistent with the “common drive” property. Motor units
respond with a hierarchically structured firing behavior wherein at any
time and force, firing rates are inversely proportional to recruitment
threshold, as described by the “onion skin” property. Time- and
force-dependent changes in muscle force production are introduced by
varying the motor unit force twitches as a function of time or by
varying the number of active motor units. A force feedback adjusts the
input excitation, maintaining the simulated force at a target level. The
simulations replicate motor unit behavior characteristics similar to
those reported in previous empirical studies of sustained contractions:
I) the initial decrease and subsequent increase of firing rates, 2) the
derecruitment and recruitment of motor units throughout sustained
contractions, and 3) the continual increase in the force fluctuation
caused by the progressive recruitment of larger motor units. The
model cautions the use of motor unit behavior at recruitment and
derecruitment without consideration of changes in the muscle force
generation capacity. It describes an alternative mechanism for the
reserve capacity of motor units to generate extraordinary force. It
supports the hypothesis that the control of motoneurons remains
invariant during force-varying and sustained isometric contractions.

force model; muscle force; fatigue; firing rate; force twitch

THE CONTROL OF MOTOR UNIT firings and the regulation of muscle
force during isometric contractions have been the subject of
inquiry and controversy for decades. In this work, we develop
a force model based on the latest physiological findings of
motor unit firing behavior and on the time- and force-depen-
dent changes in the muscle force generation capacity during
isometric contractions.

Conflicting findings have been reported on the behavior of
the firing rate and recruitment properties of motor units during
isometric constant-force contractions, and various neurophys-
iological explanations have been proposed. The earliest reports
by Person and Kudina (1972) and De Luca and Forrest (1973)
found that the firing rates of motor units decrease during short
(8—12 s) submaximal constant-force contractions. For contrac-
tions sustained longer, and up to the endurance limit, most
studies report a subsequent increase in the firing rates of the
active motor units accompanied by recruitment of new motor
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units (Adam and De Luca 2005; De Ruiter et al. 2004;
Dorfman et al. 1990; Shimizu 1990). In contrast, studies by
Christova and Kossev (2001) and Kuchinad et al. (2004) report
a decrease in firing rates throughout sustained contractions. A
more intricate behavior is reported by Garland et al. (1994,
1997), who describe increased firing rates for later-recruited
motor units and decreased firing rates for earlier-recruited
motor units during a fatiguing protocol. A more complex
behavior is reported by Carpentier et al. (2001), who describe
a steady decrease in the firing rates of earlier-recruited motor
units, whereas later-recruited motor units first increase and
subsequently decrease their firing rate.

Various explanations have been offered for these diverse
characterizations of the firing rates, such as the “late adapta-
tion” phenomenon reported by Kernell (1965a) or a combina-
tion of motoneuron adaptation and reflex inhibition along with
spindle disfacilitation (Carpentier et al. 2001; Christova and
Kossev 2001; Garland et al. 1994, 1997).

De Luca (1979) and De Luca et al. (1996) hypothesized that
the early decrease was a consequence of the requirement to
maintain the target force constant as the amplitude of the force
twitches increased (potentiated) in the early part of the con-
traction, an explanation also advanced by Shimizu (1990). In a
later work, Adam and De Luca (2005) proposed that the
subsequent increase could be explained by an excitatory in-
crease to the motoneuron pool as the muscle fatigues, an
explanation also put forth by Dorfman et al. (1990) and De
Ruiter et al. (2004).

In this work, we describe a muscle force model for testing
the hypothesis that the firing rate behavior of motor units is a
consequence of the different or altering motor unit force
twitches to provide or maintain a target force. The model is not
meant to replicate all the physiological processes involved in
muscle force production, such as the electrochemical or me-
chanical processes that lead to spike initiation or muscle fiber
contraction. It is intended to replicate the mechanism of pro-
ducing an output muscle force that follows a given target force.

Of the various muscle force models reported in the literature,
the majority do not include a feedback loop (see Fuglevand et
al. 1993; Moritz et al. 2005; Taylor et al. 2002; Yao et al. 2000;
Zhou and Rymer 2004; Zhou et al. 2007). The model of
Lowery and Erim (2005) incorporates a feedback loop but for
its intended purpose was not required to account for time-
dependent changes in the motor unit force twitches. The most
recent model provided by Dideriksen et al. (2010, 2011)
contains both the force feedback loop and a description of
time-varying muscle force but partially imposes time-depen-
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dent behavior of the force fluctuations and of the excitatory
drive to the motoneuron pool during sustained contractions.

In our model, the excitation to the motoneuron pool re-
sponds exclusively to changes in the mechanical requirement
of the muscle. Thus our model differs from existing models,
with the capability of simulating sustained force-tracking tasks
with no other time-varying constraint on the system behavior
than the empirically derived time-dependent adjustments in the
muscle force twitch. In doing so, the model is able to replicate
the following motor unit behaviors that have been previously
reported during sustained contractions: /) the initial decrease
and subsequent increase of the firing rates, 2) the occasionally
observed derecruited motor units during the early phase
(~30-60 s) of a contraction, 3) the recruitment of higher-
threshold motor units as a contraction is sustained for longer
periods of time, and 4) the increasing force fluctuations as
contraction time increases, and it provides 5) an alternative
explanation for the reserve capacity of motor units that is
credited with supramaximal levels of force production. These
results are obtained exclusively in response to the modeled
time-varying muscle mechanical response, indicating that the
force twitch characteristics are a dominant, although com-
monly overlooked, factor determining the firing rate behavior
and the characteristics of the muscle force during isometric
contractions.

METHODS

The basic notion is that the net excitation adjusts to compensate for
the mechanical changes of the muscle fibers, implemented in the
model as changes in the amplitude of the motor unit force twitches,
via a feedback loop. The model has four fundamental components that
are laid out in Fig. 1 and described herein.

Common drive (input excitation). The net excitation (¢), repre-
sented in Fig. 1A, consists of the sum of all excitatory and inhibitory
inputs to the motoneuron pool and is common to all the motor units in
the pool, according to the “common drive” property described by De
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Luca et al. (1982b) and De Luca and Erim (1994). It represents the
average excitation required to attain a certain force level. In the
absence of excitation (¢ = 0), there is no active motor unit and no
force is produced. During a force-varying isometric contraction, the
force generated by the muscle is monotonically related to the net
excitation. If the excitation is increased, additional motor units are
recruited, and the firing rates of the active motor units and the force
output increase. The maximal level of excitation (¢ = 1) is the
excitation required to exert the maximal force output.

Firing rate spectrum. The firing rate spectrum (Fig. 1B) is a set of
equations developed by De Luca and Hostage (2010) and De Luca and
Contessa (2012) that describes the firing rate behavior of motor units
as a function of increasing net excitation to the motoneuron pool. It
reflects both central and peripheral inputs, because it was derived from
the analysis of motor unit firings during voluntary isometric contrac-
tions at increasing force levels where the central nervous system
(CNS) and peripheral nervous system (PNS) jointly regulate motoneu-
ron activation and the increase in muscle force. The firing rate
spectrum formulates the “onion skin” property reported by De Luca et
al. (1982a) and De Luca and Erim (1994). It describes a hierarchical
inverse relationship between the recruitment threshold and the firing
rate values of motoneurons at any time and force during a contraction.
De Luca and Contessa (2012) derived the following exponential
equation for the firing rate values of motor units as the excitation to
the motoneuron pool increases from 0 to maximal levels in the first
dorsal interosseous (FDI) muscle:

_ e (77— ¢)
M@, 7) =21 +6.9¢ — (23 + 85¢ %)1, — 1900

_e 0))
X [9.8 + 6.9¢ + (—8.7 — 85¢ 3)r]

1

and in the vastus lateralis (VL) muscle:

(ri—9¢)
MA@, ) =19+ 8.0¢ — (21 + 116 %)7; — 10700

_e (2)
X [9.9 + 8.0¢ + (—14.7 — 116e *H)7],

where ¢ is the normalized input excitation, with 0 < ¢ < 1; A, is the
firing rate value corresponding to the input excitation ¢; and T, is the

Fig. 1. Model schematic. The input to the muscle
force model is the common net excitation to the
motoneuron pool (A), which determines the “op-
erating point” on the firing rate spectrum (B) and
the firing rate values of the active motor units.
These values are transformed into noisy firing
trains, which are convolved with the time-depen-
dent and firing rate-dependent motor unit force
twitches (C) to compute the force contribution of
each active motor unit. Motor unit forces are
summed to obtain the muscle output force (D),
which is compared with the target force (E). The
tracking error between output and target force is
used to adjust the input excitation. See text for
additional details. MU, motor units.
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recruitment threshold of the ith motor unit in the pool, with 0 < 7, <
0.67 for the FDI, 0 < 7; < 0.95 for the VL, and 7,,, > 7. For
additional details on the derivation of these equations, see APPENDIX A.
The firing rate spectrum is customized to a specific muscle by
further specifying the motor unit threshold distribution, the recruit-
ment range (7,,,,) and the number of motor units (n) in the muscle.
Specifically, for the FDI, n = 120 motor units (Feinstein et al. 1955)
and the recruitment range is 7,,,, = 0-67% maximum voluntary
contraction (MVC) (De Luca and Hostage 2010). For the VL, n = 600
motor units (Christensen 1959) and 7,,,, = 0-95% MVC (De Luca
and Hostage 2010). The motor unit threshold distribution within the
recruitment range is skewed to varying degrees for individual mus-
cles, with the low-threshold motor units outnumbering the high-
threshold motor units (Duchateau and Hainaut 1990; Milner-Brown et
al. 1973). An equation for the motor unit threshold distribution for
muscles consisting of varying numbers of motor units (MUs) and
spindles was developed recently by De Luca and Kline (2012):

%active MUs = 0.0058 so(1 — 360e>79) + 100(1 — e~ 8¢) (3)

where s (number of spindles) = 34 for the FDI muscle and s = 440
for the VL muscle.

In Fig. 2, the firing rate spectrum (top) and the distribution of
recruitment thresholds (bottom) are presented for the FDI and VL
muscles. The horizontal axis represents the input excitation, from zero
to maximal. The set of trajectories in the spectra represents the firing
rate pattern of motor units as a function of increasing excitation. Note
that, for the sake of clarity, one of every six motor units is presented
for the VL, and one of every two motor units is presented for the FDI.
The vertical red line represents the “operating point,” or the level of
excitation to the motoneuron pool, set at 40% as an example. The
operating point traverses the values of the mean firing rates of all
recruited motor units, located to the left of the spectrum and identified
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Fig. 2. Top: firing rate spectrum of the first dorsal interosseous (FDI) and
vastus lateralis (VL) muscles showing the mean firing rate values (in pulses per
second, pps) of the motor units as a function of the excitation to the
motoneuron pool and the motor unit recruitment threshold. The red vertical
line indicates a given level of input excitation or “operating point” of the
motoneuron pool. It intersects the firing rate trajectories of the active motor
units (displayed in blue) at the point of their average firing rate. The gray
trajectories on the right side represent the potential firing rate values of motor
units if the operating point of the muscles shifts to higher excitation levels.
Note that the firing rates of only 1 of every 2 motor units (of 120) in the FDI
and 1 of every 6 motor units (of 600) in the VL are displayed for clarity.
Bottom: histogram of the recruitment thresholds (as a percentage of the
maximal value, %max) for the motor units in the motoneuron pool of the FDI
and the VL muscles. The range of recruitment threshold is from 0 to maximal
(Trmax): Tmax = 07% for the FDI and 7,,,, = 95% for the VL.

max
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in blue. The firing rate trajectories to the right, identified in gray, are
the potential mean firing rates of the active motor units along with
those of the motor units available for recruitment when the excitation
to the motoneuron pool increases.

Impulse train generator. The mean firing rate values of the active
motor units, intercepted by the operating point in the firing rate
spectrum, provide constant-frequency impulse trains for each ac-
tive motor unit. Figure 3A shows 0.5-s impulse trains generated for
five motor units of the FDI muscle (motor units 1, 30, 60, 90, and 120)
when they are activated in response to 20% of maximal excitation
(top) and in response to maximal excitation (bottom). Note that at 20%
of maximal excitation, only motor units 1-98 are active and the firing
rate value is ~22.2, 20.1, 17.0, and 11.5 pulses per second (pps) for
motor unit 1, 30, 60, and 90, respectively. At maximal excitation, all
available motor units are active and the firing rate value increases to
27.6, 27.1, 25.6, 21.3, and 9.9 pps for motor units 1, 30, 60, 90, and
120, respectively.

The firing instances in the impulse trains are then modified with the
addition of synaptic noise (Fuglevand et al. 1993) by modeling the
interpulse interval (IPI) 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). Other studies have reported that the IPIs
of motor units have a skewed distribution (De Luca and Forrest 1973;
Person and Kudina 1972). However, a Gaussian distribution is used
here for the sake of simplification. The addition of noise in the 0.5-s
impulse trains of Fig. 3A is depicted in Fig. 3B. For additional details
see APPENDIX B.

Force twitch. The force twitch of a motor unit is an estimate of the
force associated with a single motor unit action potential. It is
commonly described with three parameters: the amplitude P, defined
as the peak value; the rise time Tr, defined as the time from the
beginning of the force twitch to the peak value; and the half-relaxation
time Thr, the time from the peak value to the point where the
amplitude is reduced to one-half of the peak value. The shape of the
force twitch is mathematically generated with the equation developed
by Raikova and Aladjov (2002) in which these three parameters may
be adjusted independently:

f@) = pte™ )
with
p= P ¥Tr(logTr—1) (5)
m = kTr (6)
log2

k= ()
Thr — Tr log(Tr + Thr/Tr)

Lower-threshold motor units generally produce lower-amplitude,
longer-duration force twitches than higher-threshold motor units
(Burke et al. 1973; Calancie and Bawa 1985; Henneman and Olson
1965; Milner-Brown et al. 1973; Monster and Chan 1977). Values of
the twitch parameters for all the motor units in the muscle were taken
from the literature for the FDI, whereas they were derived from our
own empirical data for the VL. For additional details see APPENDIX C.

The set of modeled motor unit force twitches is presented in Fig. 4A.
For the purpose of clarity, the force twitches of one of every two motor
units are presented for the FDI muscle, and those of one of every six
motor units are presented for the VL muscle. Note that the force twitch
amplitude becomes greater and the time duration becomes shorter for
progressively higher-threshold motor units. The distributions of the motor
unit force twitch parameters are reported in Fig. 4B for the FDI and VL
muscles.

Time-dependent modulation of the force twitch amplitude. It is
generally accepted that the amplitude of the muscle force twitch
increases at the beginning of a sustained contraction (potentiation) and
subsequently decreases as fatigue progresses (Burke 1981; Dolmage
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and Cafarelli 1991; Macintosh et al. 1994; Vandervoort et al. 1983).
There is a lack of agreement in the literature as to the behavior of the
duration of the force twitch during a sustained contraction. For
instance, muscle force twitch duration was found 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).
Therefore, in our simulations we varied only the amplitude of the
motor unit force twitches as a function of contraction time, whereas
the time duration was assumed to remain constant. Nonetheless, we
explored the influence of increasing and decreasing force-twitch
duration and found no noticeable effect on the simulated motor unit
and muscle force behavior during repeated sustained contractions.
Refer to ApPENDIX D for details.

We calculated the time dependence of the amplitude of the motor
unit force twitches on the basis of the time-dependent behavior of the
evoked muscle force twitch obtained in our previous studies (Adam
and De Luca 2003, 2005 for the VL; unpublished data for the FDI). In
those studies, the muscle force twitch was recorded by electrically
stimulating the FDI and VL muscles at supramaximal intensity in the
rest periods between repeated isometric contractions sustained at 20%

MVC. We found that the amplitude of the muscle force twitch
increased by ~20% after 60 s in the FDI and by 10% after ~40 s in
the VL. Afterward, the amplitude decreased approximately linearly to
40% of the initial value after 14 min in the FDI and to 60% of the
initial value after 10 min in the VL. This time course is used to
modulate the amplitude of the force twitches of the active motor units
in the model: the amplitude is linearly increased in the first 60 s of the
contraction in the FDI and in the first 40 s of the contraction in the VL,
and it is later decreased linearly so that the amplitude of the simulated
muscle force twitch, computed as the sum of all motor unit force
twitches, shows values similar to those obtained in the studies of
Adam and De Luca (2003, 2005). This time-dependent pattern of
force change is applied to all motor units as a function of contraction
time: the force twitches of the active motor unit potentiate only at the
beginning of a contraction and subsequently decrease. Thus motor
units recruited for the first time after 60 s (in the FDI) or 40 s (in the
VL) will not show any potentiation, but their force twitch amplitude
will diminish from recruitment. This choice was based on the lack of
available data regarding the time-dependent changes in the force
twitch of individual motor units during voluntary sustained con-
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tractions. The description of the time-dependent characteristics of
the motor unit force twitches may be improved as more consistent
and comprehensive data on individual motor units become avail-
able. However, the hypothesis that all motor units initially poten-
tiate after recruitment is also plausible. We explored this condition
in APPENDIX D.

It should also be noted that the time-dependent modulation adopted
in this study is intended to mimic the modulation that occurred during
the empirical protocol of Adam and De Luca (2003, 2005). Other
protocols would likely produce different time-varying modulations.
This amplitude modulation will serve to test the model by comparing
the simulation output with the empirical data obtained by Adam and
De Luca (2005). For additional details see APPENDIX D.

Firing rate-dependent gain factor. Experiments where motor units
are stimulated at a fixed frequency have shown that the summation of
force during tetanic contractions is nonlinear and depends on the
stimulation rate (Bawa and Stein 1976; Cooper and Eccles 1930;
Fuglevand et al. 1993; Mannard and Stein 1973). We obtained
force-frequency curves by supramaximal stimulation of the VL
(Adam and De Luca 2003, 2005) and FDI (unpublished data). The
curves were fitted to exponential functions, following the procedure of

140 140

0 70
Half-relaxation Time (ms)

Herbert and Gandevia (1999) and Studer et al. (1999), and divided by
the stimulus rate to obtain a firing rate-dependent gain factor, which
was then normalized for each motor unit on the basis of the rise time
of the force twitch. The gain factor thus computed is used in the model
to account for the nonlinear summation of twitches by scaling the
amplitude of each motor unit pulse in the train of firings as a function
of the corresponding IPI. The effect of the gain factor on the impulse
trains of Fig. 3B is presented in Fig. 3C. For additional details see
APPENDIX E.

Motor unit force. The force F; generated by the ith motor unit in the
muscle is computed by convolving the impulse train with the time-
dependent force twitch, f,. The force F, is thus comprised of the sum
of the time-shifted individual impulse responses:

Fi(n) = 2, fi(t = 1), (8)
J
where 7;; is the jth firing time of motor unit 7 and f;; is the force twitch
of motor unit i at the time of the jth firing. The force outputs generated
by motor units 1, 30, 60, 90, and 120 in response to a 0.5-s-long
excitation at 20% (top) and 100% (bottom) of maximal excitation are
depicted in Fig. 3E.
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Muscle force. The total muscle force, F, (¢), is obtained by sum-
mation of the forces produced by all active motor units (Fig. 1D). If
k is the number of active motor units,

Fio(0) = ; Fi(1). )

Finally, the force is low-pass filtered at a cutoff frequency of 5 Hz
to account for the filtering effect of the muscle tissues. Figure 3F
shows the force obtained from the summation of the individual forces
of motor units 1, 30, 60, 90, and 120 of the FDI in response to a 0.5-s
excitation at 20% (top) and 100% (bottom) of maximum.

Feedback loop. The target force is divided into time intervals of
length dr = 0.5 s. In each interval, the error in the simulated output
force, consisting of the difference between the average force output
(see Fig. 1D) and the average target force (see Fig. 1E), is calculated.
If the error surpasses a predetermined threshold, which for this report
is set at 5% of the target force value, the input excitation is adjusted
proportionally and the simulation is repeated. If the error is negative,
the excitation is increased; otherwise, the excitation is decreased. The
simulation in each interval is repeated until the output force matches
the target force within the 5% tolerance limit. When the error is within
limits, the simulation proceeds to the following time interval. This
procedure is represented in Fig. 1 by the box labeled “controller.”

In each interval df, the parameters of the model, such as the input
excitation, the number of active motor units, and the amplitude of the
motor unit force twitches, are kept at a constant value to reduce the
computational time. The df was set at 0.5 s so that its length could be
small enough to allow physiological changes in the parameters with
contraction time but also large enough to allow multiple firings for
each motor unit and summation of force twitches to occur.

Simulation procedure. The model is implemented using Matlab and
the Simulink tool. The simulation sampling time is set to 1 ms to allow
accurate translation of the firing rates into impulse trains. The simu-
lation proceeds as follows:

1) The MVC force value is obtained at the beginning of the
simulation as the force produced when all motor units are activated at
maximal excitation (¢ = 1) and is used for calibrating the simulated
output force (in %MVC).

2) The target force (in % MVC) is divided into time intervals of
length dt = 0.5 s. During this increment the input excitation and all
the parameters of the model are kept constant.

3) The initial input value of excitation ¢ in each interval dr is based
on the value used in the previous interval. The starting value at the
onset of a contraction is set to ¢ = 0.

4) The number of active motor units and their firing rate value at
the input excitation is computed. For each motor unit, an impulse train
of length dr is generated with a constant IPI equal to the inverse of the
firing rate value. Each IPI is then modified to introduce firing rate
variability and the firing rate-dependent gain factor.

5) For each motor unit, the noisy impulse train is convolved with
the time-dependent force twitch f; to generate the individual forces F,,
which are summed to obtain the total output force F in the current
interval.

6) The average value of the force F is compared with the average
value of the target force in the current interval. If the difference
(tracking error) is within *£5% of the target force value, the simulation
proceeds to the next interval; otherwise, the excitation is adjusted and
steps 4, 5, and 6 are repeated.

The simple force feedback is intended to regulate the input exci-
tation and maintain the force output at the required target level, such
as when the muscle force diverges from the target force during
visually guided tracking tasks. Note that the force feedback imple-
mented in the model does not introduce any delay that would be
present in real conditions due to the time needed to process the visual
error information and effectuate the corrective actions. This choice
was made because the force feedback in the simulations presented is
not meant to replicate any specific physiological feedback process
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(which would differ depending on the tracking modality) nor to
address any latency at which these feedback processes would func-
tion. Instead, it is merely intended to reproduce its approximate end
result, i.e., to maintain the simulated force at the target level by
adjusting the excitation to the motoneuron pool regardless of the
tracking modality, associated delay, or subject tracking ability.

A more realistic approach would involve the process of detecting
an error between the output muscle force and the target force,
processing the error information, and adjusting for this error with a
delay, which is ~150 ms in the case of visual tracking tasks (Lowery
and Erim 2005; Slifkin et al. 2000). To ensure that the introduction of
a time delay in the feedback did not alter the pattern of the motor unit
behavior, simulations were run by adjusting the excitation to the
motoneuron pool at fixed intervals of 150 ms proportionally to the
average tracking error in the previous interval. The gain of the force
feedback was set to 0.1 for both muscles and was maintained constant
with contraction time. At the end of the RESULTS, the results of these
simulations are compared with the results of the simulations obtained
with the above-mentioned feedback approach with no delay.

RESULTS

We simulated three force paradigms with the FDI and VL
muscles. In the first paradigm, a constant excitation value
producing an initial target force of 20% MVC was simulated in
the absence of force feedback, to illustrate the need for a force
feedback loop to maintain the force constant. In the second
paradigm, force feedback was included in the model and the
force output was maintained at a constant level of 20% MVC
throughout the simulated contraction. In the third paradigm, the
force output consisted of a series of repeated intermittent
contractions, each first briefly rising to 50% MVC and subse-
quently decreasing to 20% MVC, where it was sustained for 50
s. This force paradigm mimicked the protocol of Adam and De
Luca (2003, 2005) and allowed direct comparison of the
simulated data with empirical observations. Last, we repeated
the third paradigm using the modified force feedback, intro-
ducing a 150-ms delay for correcting the force tracking error,
as detailed in METHODS.

Note that only the time-dependent change in the amplitude
of the motor unit force twitches is predetermined in the model.

Contraction sustained at a constant excitation level with no
feedback. Figure 5A for the FDI and 5B for the VL muscles
present the results of the simulation of a contraction sustained
at a fixed value of the input excitation to the motoneuron pool.
A 60-s epoch at the onset of the sustained contraction is shown
in Fig. 5, A and B, top; and a subsequent 60-s epoch taken well
into the contraction (in this case at the 11th minute for the FDI
and at the 4th minute for the VL) is shown in Fig. 5, A and B,
bottom. The left panels show the firing rate spectrum of the
muscles, with the red line indicating the value of the input
excitation (or the operating point) during the presented epoch.
The middle panels present the mean firing rates of the active
motor units in the 60-s epoch, computed by low-pass filtering
the impulse trains with a 2-s Hanning window. The mean firing
rates of only one of every six motor units are shown for clarity
in both muscles. In right panels, the red line represents the
input excitation and the blue line represents the simulated
output force. A magnified view of the output force is presented
in the insets. Above each right panel, the muscle force twitch
at the onset and at the end of the epoch is presented, computed
as the sum of the force twitches of all motor units in the muscle
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and with amplitude normalized to the value at the beginning of
the contraction.

With no feedback available for regulating the input excita-
tion, its value remained constant throughout the simulation in
both muscles (see the red lines in Fig. 5, A and B, left and
right), as did the number of active motor units and their mean
firing rates. The model was not able to maintain the force at the
constant target value: the output force increased during the first
60-s epoch in the FDI and during the first 40 s in the VL, and
subsequently decreased until the endurance limit. Changes in
the output muscle force followed the time-dependent adjust-
ments in the muscle force twitch, whose amplitude also in-
creased during the first 60 and 40 s and then decreased
progressively to the endurance limit. The coefficient of varia-
tion of the force remained constant throughout the sustained
contraction, indicating that the standard deviation of the force

4 Time (min) 5

Time (min) 5

initially increased and then decreased with contraction time, as
the muscle force also increased and then decreased. All these
modulations were exclusively due to the modifications in the
amplitude of the force twitches, the only parameter changing
during the simulation. See Fig. 5 and Table 1 for details. Note
that a greater initial excitation level was necessary to produce
a20% MVC force output in the VL than in the FDI because of
the different mechanical properties and recruitment threshold
distribution of the two muscles. For the same reasons, a similar
decrease in simulated muscle force was obtained sooner in the
VL than in the FDI; and the coefficient of variation of the force
was greater in the FDI than in the VL.

Contraction sustained at a constant force level with feedback.
Figure 6, A and B, presents the results of the simulation of the
contraction sustained at a constant force level of 20% MVC
with the enabled force feedback. Data are presented in a similar
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274
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15.1 (9.8-19.8)

Contraction at Constant Excitation Level
Last epoch

FDI

9.4

68
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15.1 (9.9-19.6)

First epoch

Constant excitation/force

Excitation at onset, %max
Excitation at end, %max
No. of active MUs at onset
No. of active MUs at end
Average MU firing rate, pps
Force at onset, %MVC
Force at end, %MVC

Force CV, %

Table 1.
Epoch
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manner as in Fig. 5. The only difference is that two red lines
are now present in the firing rate spectra in the left panels: the
solid line indicates the value of the input excitation at the
beginning of the 60-s epoch, and the dotted red line indicates
the value of input excitation at the end of the 60-s epoch
presented. The arrows indicate the direction of the excitation
change during the time epoch. The first 60-s epoch and last
60-s epoch during which the target force could be maintained
are presented in Fig. 6. In the following epoch, the excitation
reached maximal level and the force production could not be
sustained at the target level.

With feedback available, the model was able to maintain the
force at the constant target value. The excitation required to
sustain the 20% MVC force level decreased during the first
60-s epoch in the two muscles, shifting the operating point
toward lower excitation levels and causing a decrease in the
firing rates of the active motor units and derecruitment of
several motor units. These adjustments occurred concurrently
with an increase in the amplitude of the muscle force twitch, as
shown in Fig. 6 at the fop of the right panels. Twelve motor
units were recruited again toward the end of the 60-s epoch in
the VL muscle, where the peak of the potentiation phase
occurred at 40 s. The contraction was maintained for over 17
min in the FDI and for over 16 min in the VL. After the first
60-s epoch the excitation required to sustain the same force
level increased progressively with contraction time, shifting
the operating point in the firing rate spectra toward higher
excitation values. This phenomenon was accompanied by pro-
gressive increase in the firing rates of the active motor units
and recruitment of additional motor units, and followed the
progressive decrease in the amplitude of the muscle force
twitch. The coefficient of variation of the force increased
during the contraction. These modifications are presented in
Fig. 6 and Table 1 for the last 60-s epoch that could be
completed by the two muscles, i.e., minute 16 to 17 in the FDI
and minute 15 to 16 in the VL. The simulations continued after
the last epoch presented, but shortly after this point, the
endurance limit was reached and the force could no longer be
sustained at the target level. Note the increase in the range of
motor unit firing rates by the last 60-s epoch: the lower
minimum firing rate value indicates that additional higher-
threshold lower-firing rate motor units were recruited; the
higher maximum firing rate value indicates that the firing rate
of the lower-threshold motor units, which were active from the
beginning of the contraction, increased.

Repeated intermittent contractions with feedback. Figure 7,
A and B, presents the results of the simulation of the repeated
intermittent contractions for the FDI and VL muscle, respec-
tively. Data are presented in a similar manner as in Figs. 5 and
6. The only difference is that the rop and bottom panels of Fig.
7, A and B, do not correspond to 60-s epochs of a sustained
contraction but to the first contraction and the last contraction
before the endurance limit of the series of intermittent repeated
contractions.

In both muscles and all contractions, a higher excitation
value was necessary to exert the initial 50% MVC than the
following 20% MVC muscle force output, which was associ-
ated with a lower number of active motor units and lower
motor unit firing rates. During the 20% MVC plateau region of
the first contraction, the input excitation required to maintain
the target force decreased slightly in both muscles, shifting the

20.3

19.8
1.5
0.39
0.33

20.2

19.4
0.6
1.00
1.06

206 (+12)
13.8 (8.2-20.7)

20.3

19.8
35
0.49
0.38

1.5
1.00
1.16

11.2
9.2
0.6
0.92
0.90

20.0

27.4
0.5
1.00
1.07

13.0

10.1
1.4
0.93
0.90

1.4
1.00
1.26

19.9
45.2
Data are results of the simulations for the contractions performed at a constant excitation level and constant force level for the first dorsal interosseous (FDI) and vastus lateralis (VL) muscles (range is

shown in parentheses for MU firing rate). %max, percentage of maximum; MUs, motor units; %MVC, percentage of maximal voluntary contraction; pps, pulses per second.

Normalized twitch at onset
Normalized twitch at end
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operating point to the left of the firing rate spectrum and
leading to decreasing firing rates of the active motor units and
derecruitment of several motor units. Adjustments occurred
concurrently with an increase in the muscle force twitch
amplitude. Sixteen motor units were recruited again at the end
of the plateau phase in the VL muscle, since the muscle force
twitch reached its maximal amplitude at 40 s and then started
to decrease. Note that the last motor unit to be derecruited was
the first to be recruited again.

Throughout the series of repeated contractions, the input
excitation needed to exert both the initial 50% MVC and
subsequent 20% MVC force increased progressively with con-
traction time, shifting the operating point to the right of the
firing rate spectra of both muscles. A progressively greater
number of motor units were recruited and fired at increasing
average firing rates. These adjustments were accompanied by a

Excitation (% max)

Time (min) Time (min)
progressive decrease in the muscle force twitch amplitude and
are presented in Fig. 7 and Table 2 for the first and last
contraction of the series in both muscles. The coefficient of
variation of the force increased with contraction time. The
model simulated 14 sequential contractions for the FDI and 10
for the VL. At these points, the endurance limit was reached
and the force could no longer be sustained at the target level.
See Fig. 7 and Table 2 for details.

Although the emphasis has been on the motor unit time-varying
behavior during the constant force plateau region sustained at 20%
MVC, it is evident in Fig. 7 that increasing and decreasing forces
can be simulated; witness the simulated force ramp up to 50%
MVC, the decrease to 20% MVC, and the final decrease to 0%
MVC. Figure 3, A and B, further shows that as the higher
threshold motor units are recruited to generate increasingly greater
forces, the force fluctuations increase.
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Figure 8 presents a comparison of the simulated mean firing
rate data for the series of repeated intermittent contractions of
Fig. 7B (top) with the empirical data from a similar protocol
performed with the VL muscle by Adam and De Luca (2005)
(bottom). The black line represents the amplitude of the muscle
force twitch, and the colored lines are the mean firing rates of
a sample of motor units active during the lower 20% MVC
plateau region of the force trajectory. In the empirical data,
motor unit firing rates were analyzed only in contractions 1, 2,
3,5,7,9, and 10, whereas the results from all contractions are
presented for the simulated data. Note the remarkable similar-
ity of the two sets of data. In both sets, the muscle force twitch
increases after the second contraction and then decreases contin-
uously to the endurance limit on the 10th contraction. The firing
rates initially decrease during the first contraction and then con-
tinuously increase in subsequent contractions. In the simulated
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data, the first two motor units, those with the greatest firing rates
and presented with the dashed lines, show only a minor increase
in their firing rates as the contractions progress. This is so because
these two motor units have almost reached their firing plateau at
20% MVC; a fact that is clearly evident in the firing rate spectrum
of Fig. 2. In fact, it is plainly obvious that the increase in the firing
rates is greater for later-recruited motor units in both the simulated
data and the empirical data of Fig. 8.

The simulated data and the empirical data also show two
other noteworthy factors. As the firing rate increases during
subsequent contractions, new motor units are recruited. This
behavior is expected as the operating point of the excitation
increases to compensate for the decreasing amplitude of the
force twitches.

In a corollary fashion, it can be seen in the simulated data
that during the first contraction, where the amplitude of the
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Table 2. Intermittent contraction series
Intermittent Contractions
FDI VL
First contraction Last contraction First contraction Last contraction

Contraction 1 14 1 10
Excitation at 50% MVC, %max 20.2 87.5 44 .4 93.8
Excitation at 20% MVC at onset, %max 8.9 30.6 27.3 56.3
Excitation at 20% MVC at end, %max 5.3 39.6 23.7 58.6
No. of active MUs at 50% MVC 100 120 424 598
No. of active MUs at 20% MVC at onset 62 110 245 498
No. of active MUs at 20% MVC at end 45 115 (208) 224 509
No. of MUs recruited

0-10% MVC 38 88 152 407

10-20% MVC 22 17 91 68

20-30% MVC 16 9 68 48

30-40% MVC 12 4 56 38

40-50% MVC 12 2 57 37
Average MU firing rate at 20% MVC, pps 14.82 (11.3-18.2) 18.3 (7.4-23.1) 13.7 (7.9-20.6) 16.3 (5.9-23.4)
Force CV at 20% MVC, % 1.4 2.5 0.6 1.0
Normalized twitch at 20% MVC at onset 1 0.67 1 0.65
Normalized twitch at 20% MVC at end 1.21 0.55 1.08 0.60

Data are results of the simulations of the series of repeated intermittent contractions for the FDI and VL muscles. CV, coefficient of variation.

force twitches increase, several higher-threshold motor
units, those with the lower firing rates (2 are displayed in
Fig. 8A in brown and magenta) become derecruited and
quickly re-recruited as, apparently, the muscle force twitch
stopped potentiating in the middle of the first contraction.
The early derecruitment was not seen by Adam and De Luca
(2005). That is likely due to the low probability of detecting
a derecruited motor unit. According to the simulation, 37 of
245 motor units would derecruit during the first contrac-
tions, which represent 15% of all motor units active in the
entire muscle. The decomposition technology used by Adam
and De Luca (2005) used a highly selective fine-wire sensor
that could detect only 3—5 motor units during the 20% MVC
plateau region of the first contraction. The probability of
detecting one of the derecruited motor units is low. How-

2 »
2
3
©
<
Fig. 8. A comparison between the empirical data %o
(top) from Adam and De Luca (2005) and those E
simulated from the model for an equivalent pro- &
tocol (bottom). Note the similarity. In both cases 3
the firing rates decrease slightly during the first 3

contractions; they subsequently increase up to the
endurance limit. Additional later-recruited lower-
firing-rate motor units are recruited as time pro-
gresses. The thick black lines represent the sim-
ulated (fop) and empirical (bottom) modulating
amplitude of the whole muscle force twitch,
which potentiates slightly during the first contrac-
tion and then decreases to the endurance limit.
Refer to the text for additional details.

Mean Firing Rate (pps)

ever, the new surface electromyography (SEMG) decompo-
sition technology used in this study did find evidence of the
early derecruitment of motor units ~25 s into a recently
collected constant-force contraction at 50% MVC in the VL
muscle (unpublished data) (see Fig. 9).

With findings similar to the simulated data, Adam and De Luca
(2005) also observed one re-recruited motor unit during the 20%
MVC plateau region of the first contraction. From this observa-
tion, they hypothesized that the peak of the potentiation phase
occurred before the end of the first contraction, most likely around
40 s, when the re-recruited motor unit was detected. The actual
presence of the potentiation peak at 40 s could not be noticed in
the empirical data because the stimulation was only performed in
between contractions. We based our time-dependent changes in
the muscle force twitch on the results of Adam and De Luca
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(2003, 2005); thus, in our model, the peak of the muscle force
twitch occurs at 40 s, as highlighted by the dotted black line in Fig.
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Repeated intermittent contractions with delayed error
correction. Figure 10, A and B, presents the results of the
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simulation of the repeated intermittent contractions when the
excitation is adjusted every 150 ms for the FDI and VL muscle,
respectively, proportionally to the error between the target
force and the simulated output force. Data are presented in a
similar manner as in Fig. 7.

REPEATED CONTRACTIONS WITH DELAYED ERROR CORRECTION

First Contraction

[

Mean firing rate (pps)

w
o

N
o

=
o

o

Last Contraction

Excitation (% max)

Mean firing rate (pps)

w
o

N
o

=
o

o
o

20 60

40
Time (s)

First Contraction

Mean firing rate (pps)

30

N
o

[
o

0

Last Contraction

Excitation (% max)

Mean firing rate (pps)

30
20
10
09 20 40 60
Time (min)

2
o
=
3
100 -
g
G‘ L -
S 80 s
=
X 60 ety A VA
g | ;
° 40 Force output |
w | ==y
20 Excitationt----}
00 20 40 60 2
o
=
3
-+
)
=
[}
=
Fig. 10. A and B: simulated intermittent
contraction series for the FDI (A) and
VL muscles (B) with delayed tracking
error correction. The first (fop) and last
contraction of the series before the en-
durance limit (bottom) are presented.
Data are presented in a similar manner
> as in Fig. 7. Note that the motor unit
- —----—-- --1 @  behavior and the muscle force behavior
3 show patterns similar to those presented
£  inFig. 7. Refer to the text for additional
& details.
Eg
2
o
=
3
=4
s
=g
[}
>

20 40

Time (min)

60

J Neurophysiol » doi:10.1152/jn.00237.2012 « www.jn.org



1560

As can be noted by comparison with Fig. 7, the motor unit
firing behavior and force characteristics obtained with the two
different force feedback modalities are similar. During the 20%
MVC plateau region of the first contraction, the input excita-
tion decreased slightly in both muscles, leading to decreasing
firing rates of the active motor units and derecruitment of
several motor units, while the muscle force twitch amplitude
increased. Nineteen motor units were recruited again at the end
of the plateau phase in the VL muscle, when the muscle force
twitch started to decrease. Throughout the series of repeated
contractions as the muscle force twitch amplitude decreased,
the input excitation needed to exert both the initial 50% MVC
and subsequent 20% MVC force increased progressively with
contraction time, leading to a progressively greater number of
recruited motor units and increasing firing rates. These adjust-
ments are presented in Fig. 10 and Table 3 for the first and last
contraction of the series in both muscles. The coefficient of
variation of the force increased with contraction time.

DISCUSSION

The model described in this article supports the notion that
the force output of a muscle is regulated by a modulation of the
common drive to the motoneuron pool, which represents the
net excitation provided by the CNS and the PNS, in response
to modulations of the force twitches of the motor units to
produce a given muscle force output. As the muscle mechan-
ical response varies, the input excitation is required to change
to maintain a target level of muscle force output, leading to the
expected modifications in motor unit firing rates. The essential
result of this model is that this simple feedback scheme
reproduces the firing rate and force behavior observed in
empirical data from our previous experiments (Adam and De
Luca 2003, 2005), as well as those of other investigators
(Bigland-Ritchie et al. 1986; De Ruiter et al. 2004; Dorfman et
al. 1990; Person and Kudina 1972; Shimizu 1990; among
others). Thus it appears that the force twitch characteristics are
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a dominant causal factor determining the firing rate behavior
and the characteristics of the output muscle force; a hypothesis
first proposed by De Luca (1979) and later by De Luca et al.
(1996).

The model is not intended to replicate all the electrochemical
and mechanical processes involved in muscle force production.
Instead, it is based on mathematical descriptions of the motor
unit firing rate behavior and force twitches derived from
empirical data.

Caveats of the model. The relation between the input exci-
tation and the firing rates of the motoneurons is described by a
“firing rate spectrum” developed by De Luca and Contessa
(2012). In the present construction of the model, the firing rate
spectrum is maintained invariant with contraction time, be-
cause the requisite information is not available. However,
when it becomes available, the information of any time- or
activation-dependent changes in the excitation-firing rate rela-
tion or in the intrinsic firing properties of motor units (Powers
et al. 2011) may be included in future evolutions of the firing
rate spectrum. Even with this present limitation, it seems that
the time dependence of the firing rate spectrum is not likely to
have a dominant role in shaping the production of the force
output over the time course of the sustained fatiguing contrac-
tions simulated here, because the model produces force and
firing rate behavior that compares well with reported empirical
data.

The force feedback implemented to regulate the input exci-
tation is intended to maintain the force output at a required
target level, such as when the muscle force diverges from the
target force during visual tracking tasks. The simulated motor
unit firing rate and force behavior is qualitatively similar when
the feedback occurs with no time delay or 150-ms time delay,
as would be the case with visual feedback (Slifkin et al. 2000).
We have used the example of visual feedback to show that
adding a delay to the feedback does not alter the characteristics
of the simulated firing rate behavior. Compare the results of the

Table 3. Intermittent contraction series with delayed tracking error correction
Intermittent Contractions—Delayed Feedback
FDI VL
First contraction Last contraction First contraction Last contraction

Contraction 1 14 1 10
Excitation at 50% MVC, %max 224 82.0 45.7 80.9
Excitation at 20% MVC at onset, %max 9.4 35.9 29.7 49.6
Excitation at 20% MVC at end, %max 5.4 46.9 239 53.5
No. of active MUs at 50% MVC 102 120 433 579
No. of active MUs at 20% MVC at onset 65 113 344 460
No. of active MUs at 20% MVC at end 45 117 (208) 227 483
No. of MUs recruited

0-10% MVC 31 33 19 19

10-20% MVC 29 45 76 79

20-30% MVC 17 27 149 187

30-40% MVC 12 9 104 173

40-50% MVC 13 6 85 121
Average MU firing rate at 20% MVC, pps 15.0 (11.5-18.0) 19.1 (8.2-23.7) 13.8 (8.2-20.8) 16.5 (7.6-23.1)
Force CV at 20% MVC, % 1.9 2.4 0.6 0.8
Normalized twitch at 20% MVC at onset 1 0.64 1 0.7
Normalized twitch at 20% MVC at end 1.21 0.52 1.08 0.7

Data are results of the simulations of the series of repeated intermittent contractions for the FDI and VL muscles with delayed tracking error correction.
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simulation where feedback is not delayed in Fig. 7 with those
of the delayed feedback simulation of Fig. 10. By using the
visual time delay we do not mean to imply that only the visual
system can provide a delay in the feedback. Surely, other
sensors such as the Golgi tendon organs, joint receptors, skin
receptors, and spindles could provide feedback information
that is related to the divergence of the force output from a
target force. However, regardless of the feedback and the
sensors used to detect the force output, the error adjusts the
excitation to the motoneuron pool to perform the required
tracking task.

In this work we focused on contractions where muscle force
is maintained at a constant level over time. As mentioned
earlier, the same force regulation concept is likely to explain
the regulation of varying muscle force. This later point is made
clear by the force paradigm modeled in Fig. 7, where the force
output initially increases to 50% MVC and later decreases to
20% MVC. Motor units are recruited and increase their firing
rates as the net input excitation increases to produce a 50%
MVC output force. Therefore, it appears that the force output
of a muscle is regulated in the same manner whether it remains
constant over time or varies in amplitude.

In the simulation of sustained submaximal contractions with
force feedback, the net excitation to the motoneuron pool
increases to maximal levels, at which point the endurance limit
is reached. However, in real experimental conditions, contrac-
tions might terminate prematurely before the excitation reaches
maximal levels if subjects experience discomfort and pain or if
they are not well trained or motivated, all factors that are not
considered in this model. Also note that the simulated input
excitation represents the net excitation to the motoneuron pool,
and thus it consists of the summed effect of central and
peripheral inputs. In doing so, our approach does not require us
to model separately the contributions to the net excitation from
the CNS and the PNS, respectively.

Firing rate behavior during force-varying or sustained
contractions. In the simulations of both the sustained and
intermittent contractions, the firing rates of all active motor
units first decrease for about 60 s or less and subsequently
increase, following the behavior of the excitation, which re-
sponds to the time-dependent modulation of the force-twitch
amplitude. (See the mean firing rate trajectories in Figs. 6, 7,
and 10, middle panels.) These results are consistent with the
findings of our previous work (Adam and De Luca 2005; De
Luca 1979; De Luca et al. 1982b, 1996) and are supported also
by the results of Person and Kudina (1972), Bigland-Ritchie et
al. (1986), Shimizu (1990), Dorfman et al. (1990), and De
Ruiter et al. (2004).

In contrast, studies by Christova and Kossev (2001) and
Kuchinad et al. (2004) report a continuous decrease in firing
rates during submaximal contractions. In Christova and Kossev
(2001), the difference is likely due to the analysis of grouped
data averaged among different motor units and different sub-
jects. Pooling data confuses the structure of the firing rate
behavior, especially during fatiguing contractions, where the
firing pattern varies over time and among subjects. In the work
of Kuchinad et al. (2004), the authors reported an increased
contribution of the agonist muscles to the total torque, which
raises concerns over the force generated by the monitored
muscle. In all the cited studies, what is commonly designated
as force is actually the torque generated by the active muscle
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around the joint being monitored. Keeping the torque constant
does not guarantee that the individual force of the monitored
muscle remains constant. It was for precisely this reason that
Adam and De Luca (2005) monitored the surface EMG signals
of the synergist and antagonist muscles while performing the
repeated-contraction paradigm. They analyzed only the data
collected from experiments where the relative amplitude of the
EMG signals from the agonist and antagonist muscles re-
mained constant, indicating that the relative force contribution
of each muscle remained constant with respect to the measured
torque around the joint. Garland et al. (1994, 1997) described
decreased firing rates for earlier-recruited motor units, whereas
later-recruited motor units increased their firing rates. How-
ever, they generally observed the firing pattern of earlier-
recruited motor units during the first part of the fatigue protocol
and that of later-recruited motor units near the endurance limit.
Hence, their observations do not provide a complete or con-
tinuous expression of motor unit behavior and suggest that the
firing patterns would support our findings if they were to be
followed for the entire duration of the fatiguing protocol.
Carpentier et al. (2001) reported a steady decrease in the firing
rates of earlier-recruited motor units, whereas later-recruited
motor units first increased and subsequently decreased their
firing rates.

Various suppositions and conjectures have been used to
explain these contrasting behaviors. Christova and Kossev
(2001) suggested that the CNS modulates the gain of reflex
pathways, leading to firing rate decrease of the active motor
units, whereas the common central drive increases, causing
recruitment of new motor units. The two phenomena hypothet-
ically “optimize” the activity of individual motor units that are
in different functional states during prolonged contractions.
Similarly, Garland et al. (1994, 1997) suggested that some
mechanisms, such as motoneuron adaptation or afferent feed-
back, prevent the increased excitatory drive from increasing
the firing rates of the active motoneurons and that newly
recruited motor units are less affected by this influence and
thus increase their firing rates. Along the same line, Carpentier
et al. (2001) hypothesized that different motor unit firing
adaptations are the consequence of variable contributions from
motoneuron adaptation and afferent feedback. Some of the
above-mentioned mechanisms, such as motoneuron adaptation,
increased reflex inhibition, or spindle afferent input, might
develop during sustained or repeated contractions. However, it
is difficult to imagine individual diversified feedback to the
motor units in the motoneuron pool, since afferent feedback
has an approximately uniform synaptic input to the motoneu-
ron pool (Liischer et al. 1979; Mendell and Henneman 1968).
Even if the above-mentioned physiological phenomena do
occur, the model indicates that the varying characteristics of
the force twitches alone explain the motor unit firing rate
behavior reported during sustained isometric contractions by
Adam and De Luca (2005).

“Reserve capacity” of muscle. Christova and Kossev (2001)
and Kuchinad et al. (2004) proposed that the firing rate de-
crease observed with fatigue is consistent with the “muscle
wisdom” hypothesis advanced by Bellemare et al. (1983),
Bigland-Ritchie et al. (1983), and Marsden et al. (1983) from
the analysis of sustained MVCs. This hypothesis stipulates that
the drive to the motoneuron pool adapts to match the slowing
of the muscle fiber contractile properties during fatigue and
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that it “optimizes” force production while preventing contrac-
tile failure. In this way, as contractile speed slows, firing rate
declines accordingly, since a higher firing rate would not
provide additional force (Bigland-Ritchie et al. 1983). From
this perspective, the muscle wisdom hypothesis does not leave
any force reserve in the muscle, unless it is hypothesized that
there exist a “reserved” group of motor units that would lie in
wait of the rare circumstances when they might be needed.
However, such dormancy raises the question as to why they
would not atrophy from lack of use, as all other muscle fibers
do when not activated for a long time.

Our model contains no set-aside group of motor units.
However, the higher-threshold motor units fire at the lowest
firing rates during normal voluntary contractions. Thus they
have the capacity to fire faster, as they do when electrically
stimulated as shown by Eccles et al. (1958) and Kernell
(1965b). Consequently, supramaximal forces could be pro-
duced in stressful circumstances due to hyperactivation of the
high-threshold motor units, as previously suggested by De
Luca et al. (1982a), De Luca (1995), and Erim et al. (1996),
which may be triggered possibly by some stress-related mech-
anism or some other triggering mechanism. As may be seen in
Figs. 3 and 4, the higher-threshold motor units have force
twitches that are orders of magnitude greater than those of the
very-low-threshold motor units and are capable of generating a
great amount of force.

Motor unit recruitment and derecruitment behavior during
force-varying or sustained contractions. Three observations
were made throughout the course of the simulated force con-
tractions to the endurance limit. The first is that some motor
units are derecruited as force twitches increase (potentiation)
and the firing rates of the active motor units decrease. Verifi-
cation of this prediction has been elusive, most likely due to
technical difficulties. However, we have recently been able to
detect derecruitment at the beginning of a constant-force con-
traction using the SEMG decomposition technology described
by De Luca et al. (2006) and Nawab et al. (2010). An example
is depicted in Fig. 9 and is discussed in RESULTS.

The second observation is that additional motor units are
progressively recruited as the contraction is sustained for
longer periods of time, the amplitude of the motor unit force
twitches diminishes, and the firing rates of the active motor
units increase. The recruitment of new motor units throughout
the duration of the contraction has been observed in several
studies (Adam and De Luca 2003; Bigland-Ritchie et al. 1986;
Broman et al. 1985; Carpentier et al. 2001; De Luca et al. 1996,
2008; Dorfman et al. 1990; Garland et al. 1994, 1997; Thomas
and Del Valle 2001). The increase in the firing rates and the
recruitment of new motor units predicted by the model are
consistent with the often noted increase in the amplitude of
surface EMG signal that occurs during sustained fatiguing
contractions (Adam and De Luca 2005; Basmajian and De
Luca 1985; De Ruiter et al. 2004).

The third observation is that motor units are recruited at lower
force thresholds as the muscle fatigues during the sequence of
sustained contractions, as shown in Tables 2 and 3. Note the
number of motor units activated at each recruitment interval from
0 to 50% MVC in the last contraction of the series with respect to
the first contraction of the series. This prediction by the models is
supported by the work of Adam and De Luca (2003), Garland et
al. (1994), and Maton and Gamet (1989).
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Our model indicates that recruitment and derecruitment behav-
ior can be related to changes in the motor unit force twitch and
force-generating capacity. Thus time-dependent changes in the
mechanical aspects of the motor units should always be taken into
consideration in the analysis of the activation and deactivation
behavior of motor units. For instance, a decreased recruitment
threshold in repeated contractions has been considered as potential
proof for the existence of persistent inward currents (PICs) in
human subjects (Gorassini et al. 2002a, 2002b). Although PICs
might actually develop in human subjects performing voluntary
contractions, our simulated results indicate that such interpretation
needs to be made with caution, because the time-dependent
changes in the motor unit force twitches during a contraction can
also cause recruitment/derecruitment alterations.

Force fluctuation during force-varying or sustained contractions.
The simulation results of the sustained and repeated intermittent
contractions with force feedback produced a force that displayed
progressively increasing variability. As an example, compare the
top and bottom right panels of Figs. 6, 7, and 10 in both the FDI
and VL muscles. This observation has been consistently reported
in studies of fatiguing constant-force contractions (Contessa et al.
2009; Furness et al. 1977; among others). We also noted that in
the simulation with no force feedback, the force variation re-
mained constant throughout the contraction. In that simulation, no
motor units were recruited throughout the contraction, as the
excitation was maintained constant. This finding indicates that the
force fluctuation increases as higher-threshold motor units are
recruited throughout the contraction. The latter recruited motor
units have force twitches with greater amplitude and shorter time
duration; they fire slower and do not tetanize as the lower-
threshold faster-firing motor units. For clarification refer to Fig.
3E, where the forces generated by five motor units (motor units 1,
30, 60, 90, and 120) in the FDI muscle are displayed.

Yao et al. (2000) and Moritz et al. (2005) have suggested a
causal relation between increase in force variability and in-
crease in motor unit synchronization and firing rate variability.
In contrast, our recent work (Contessa et al. 2009) showed no
evidence of increased synchronization and firing rate variabil-
ity during sets of repeated contractions to the endurance limit.
Our model did not include synchronization between motor unit
firings, and the firing rate variability was maintained at a
constant value throughout the simulations. It is apparent that
the increased variation of muscle force during sustained con-
tractions is not dominantly induced by changes in the firing
properties of motoneurons and may result purely as a response
to the mechanical property of newly recruited motor units.

The simulations of the FDI muscle showed greater force vari-
ability than those of the VL muscle. This observation may be
explained by 7) the presence of a greater number of motor units in
the VL muscle, which, unlike the FDI, are recruited throughout
almost the entire excitation spectrum (De Luca and Hostage 2010;
De Luca and Kline 2012); and 2) the more similar shape and
longer time duration of the motor unit force twitches in the VL
muscle, which, unlike the FDI, favor tetanization and smoother
force production. For clarification see Figs. 6 and 7.

The degree of force variability predicted by the model in the
VL muscle is consistent with that found by Contessa et al.
(2009) in empirical data from a similar protocol of repeated
intermittent contractions. In that study the coefficient of vari-
ation of the force increased from an average value of 0.7 =
0.2% 1in the first contraction to an average value of 2.1 = 1%
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in the last contraction at the endurance limit. The same proto-
col performed on the FDI muscle of 7 subjects showed an
increase in the coefficient of variation of the force from 1 =
0.5% to 3 = 1% (unpublished observations).

In summary, the force feedback model explains the firing rate
and recruitment/derecruitment behavior of motor units that have
been described in several published studies, including that of our
own sustained constant-force contractions. The model was able to
predict the derecruitment of motor units and the firing rate de-
crease at the beginning stage of a sustained contraction and the
subsequent recruitment of motor units as the contraction contin-
ued. In both force-increasing and constant-force contractions, the
firing rate and the recruitment characteristic were symbiotically
modulated as the operating point of the excitation to the motoneu-
ron pool responded to the error that measured the difference
between the target force and the produced force.

The model explains the pattern of the varying force fluctu-
ation that occurs during sustained contractions. It points to the
recruitment of increasing larger motor units as the cause. It
cautions the use of motor unit behavior at recruitment and
derecruitment as an indication of PICs. It provides an alterna-
tive mechanism for the reserve capacity of motor units to
generate extraordinary force. Finally, /) the model supports the
hypothesis that the control of motoneurons remains invariant
during force-varying and constant-force isometric contractions,
and 2) although other factors may be involved, the model
indicates that the mechanical characteristics of the force twitch
alone might explain much of the experimental observations of
motor unit control reported in the literature.

APPENDIX A: THE FIRING RATE SPECTRUM

We have shown in previous studies (De Luca and Contessa 2012;
De Luca and Hostage 2010) that the range of firing rates of all motor
units is bounded when the excitation progresses from zero to maximal
level and that this range is muscle dependent. When the muscle force
increases linearly, the firing rate trajectories may be suitably approx-
imated with an exponential function whose time constant progres-
sively increases for motor units with increasing recruitment threshold.
A complete description of the mean firing rate behavior of a specific
motor unit i recruited at the threshold force 7, increasing over time as
the force ¢ of the contraction varies, is given by the following
equation, whose parameters can be customized to a specific muscle
(for details see De Luca and Contessa 2012):

e (tr;=1)
Nt o, 1) =E+ Do+ (C—A Byr,— emomitbo

_e (10)

X [E—b,+ Do+ (C—m,—Ae ®)1]

fort =tr, 0 < 7, <1, and 7,,, > 7, where tr; is recruitment time.
For a description of the parameters used, refer to De Luca and Hostage
(2010) and De Luca and Contessa (2012) where these equations were
derived. The values reported for the parameters A, B, C, D, E, m,, and
bgyare 85, 0.32, —23,6.93, 20.9, 1.86, and 0.51 for the FDI muscle and
116, 0.15, —21, 8.03, 19.0, 1.59, and 0.38 for the VL muscle (De Luca
and Contessa 2012; De Luca and Hostage 2010).

This equation was derived during isometric contractions where the
force varies linearly with time, and it can be expressed as a function
of force or, equivalently, of the excitation required to achieve a given
percentage of maximal force level:

e (1= ¢)
Mt o, 1) =E+ Do+ (C—A By, — emrithpdes m

X [E — b, + Do + (C—m, — Ae B)7],
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where d¢/dr is the rate of force increase, which is equal to 10%
MVC/s in the simulations presented in RESULTS and in De Luca and
Contessa (2012). Equation 11 customized for the FDI and VL muscle
is reported in Egs. I and 2, respectively.

This general equation describes the family of firing rates of the
motor units in a muscle during an isometric contraction as the force
increases from 0 to maximal level (MVC). The firing rate spectrum
(top) and the histograms of the recruitment threshold distribution
(bottom) are reported in Fig. 2 for both the FDI and VL muscles. As
mentioned in METHODS, a specific level of net excitation is represented
as a vertical line set at a specific excitation level (here set at 40% of
the maximal excitation) and traverses the values of the mean firing
rates of all the recruited motor units located to the left of the spectrum
(identified as blue in Fig. 2). If the excitation varies over time, the
vertical line will move in the plane. Specifically, it will move to the
right in the event of an increase in the net input excitation, leading to
recruitment of additional motor units and increase in the firing rates of
the active motor units. We have shown that this simulation procedure
explains the empirical data reported by Adam and De Luca (2005)
during sustained isometric contractions and does not require time-
dependent modifications to the firing rate spectrum describing the
relation between net input excitation and motor unit firing rates.

APPENDIX B: IMPULSE TRAIN GENERATOR

Impulse train generator. The average firing rate value of each
motor unit in the firing rate spectrum is transformed into an impulse
train by using the integral pulse frequency modulation method, which
produces a spike train with a frequency equal to the numerical value
of the average firing rate input. This process consists of integrating the
signal input over time and generating an impulse every time the
threshold value 1 is reached. At this point, the integrator resets back
to 0 and the process begins again.

Noise in the impulse train. The IPI between two adjacent firings
of a motor unit can be regarded as a bounded random variable
described by a Gaussian distribution and a constant coefficient of
variation (CV) ranging between 10% and 30% for all motor units
(Clamann 1969; Macefield et al. 2000; Moritz et al. 2005; Nord-
strom et al. 1992). Other studies have reported that the IPIs of
motor units have a skewed distribution (De Luca and Forrest 1973;
Person and Kudina 1972). However, a Gaussian distribution is
used here for the sake of simplification. For each motor unit i in the
pool, IPIs are generated from a normal distribution with a mean
equal to the average IPI of the impulse train and coefficient of
variation equal to 20%. Noise is introduced by adjusting the firing
instance of each pulse in the train following the equation (Fugl-
evand et al. 1993):

tij=tij-1+pt oz,

(12)

where 7, ; is the time of the jth firing instance of motor unit 7, 7;;_, is the
time occurrence of the preceding firing, w is the mean firing rate of the
impulse train, o is the standard deviation of the IPIs (0 = CVu = 0.2uw),
and the Z score represents how far a generated value of IPI deviates from
the mean of the distribution. Z scores are randomly picked from the
interval [—3.9, 3.9], allowing the instantaneous IPIs to deviate less than
four standard deviations from the mean of the distribution.

APPENDIX C: MOTOR UNIT FORCE TWITCHES

For the FDI muscle, values for the twitch parameters are available
from the literature. The range of peak tension values, P, is quite broad
(130-fold), the distribution is skewed toward a greater number of low-
force-amplitude motor units, and a positive correlation is reported be-
tween recruitment threshold and twitch tension (Elek and Dengler 1995;
Gossen et al. 2003; Milner Brown et al. 1973; Stephens and Usherwood
1977; Thomas et al. 1986). Thus we modeled the peak tension P; as a
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Table Al. Parameters for modeling the force twitches in the FDI muscle
Reference Peak Force, mN Rise Time, ms Half-Relaxation Time, ms Duration, ms Method
Young and Meyer (1981) 35 £ 48 65 £ 18 IMS
2.14-430 34-140

Elek et al. (1992) 16 = 18.7 63 =15 61 =17 MS
1-137 30-110 20-105
10.3 62 58

Kossev et al. (1994) 149 + 16.3 63.1 = 14.7 604 = 16.4 IMS
1-140 30-135 24-130
9.6 61.7 57.5

Elek and Dengler (1995) 14 =15 64 = 14 61 = 16 IMS
1-140 30-130 20-130
9 63 59

McNulty et al. (2000) 14.7 70.3 = 5.0 70.2 = 6.5 INS

2.2-72.8 32-111.3 20-115.9 101.3-468.8

14.7 183.8

Values for the parameters of the force twitch of the FDI muscle were obtained from the literature. These were used to model the distribution of the peak twitch
amplitude, rise time, and half-relaxation time. IMS, intramuscular stimulation; INS, intraneural stimulation.

linear function of motor unit recruitment threshold, with P, = 1 and P, =
RP, where RP = 130 is the range of peak twitch forces and n is the
number of motor units in the muscle; n = 120 for the FDI (Feinstein et
al. 1955) and n = 600 for the VL (Christensen 1959). The rise time, Tr,
and the half-relaxation time, Thr, display a unimodal distribution: faster-
twitch motor units have large twitch tensions, although there are also
many motor units with small twitch tensions and fast rise times (Elek and
Dengler 1995; Gossen et al. 2003; Young and Meyer 1981). Tr
varies over a smaller range compared with peak forces (4-fold) and
presents values between 30 and 125 ms, with a mean = SD of 65 =
13 ms. In the model, values of Tr for all the motor units in the pool
are generated from a Weibull distribution with a mean equal to 65
ms and SD equal to 13 ms. The parameters of the Weibull
distribution that match these values are k = 39.23, B = 2.93, and
o« = 30. Thr has a slightly broader range (5.5-fold, range 20-120),
with a mean equal to 63 and SD equal to 14 ms. Similarly to Tr,
values for Thr are generated from a Weibull distribution with the
reported mean and SD. The parameters that match these values are
k= 4787, B = 3.39, and « = 20. Table A1 reports the data used
to estimate the values of the parameters for the FDI muscle.

For the VL muscle, no force twitch data are available from the
literature. Thus we based our estimate on previous data obtained in
our laboratory. Adam and De Luca (2003, 2005) electrically stimu-
lated the VL at supramaximal intensity to obtain the whole muscle
force twitch. The average peak value was 46 N, the average Tr was
135 ms, and the average Thr was 79 ms. We assumed that similar
distributions of force twitch parameters apply to both the VL and the
FDI muscles: P was described as a linear function of recruitment
threshold; Tr and Thr were generated from a Weibull distribution. The
range of peak forces RP was set to 150, a value derived from the
tibialis anterior muscle (Feiereisen et al. 1997). Values for the Weibull
distribution defining Tr and Thr were varied to generate different
distributions of force twitches. The individual twitches were summed to
obtain the whole muscle twitch, and the distribution that resulted in the
whole muscle twitch closest to that which was experimentally observed
was chosen. The resulting parameters of the Weibull distribution were
k=115 B8=45and o = 50 for Trand k = 70, B = 4.5, and a = 15
for Thr. We appreciate that this approach for obtaining the parameter
values only provides estimates; nonetheless, it is a reasonable approxi-
mation. As experimental data on the ranges and values of the force
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Table A2. Nonuniform behavior of the force twitches
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FDI: Intermittent Contractions

First contraction

Last contraction

Contraction

Excitation at 50% MVC, %max
Excitation at 20% MVC at onset, %max
Excitation at 20% MVC at end, %max

No. of active MUs at 50% MVC
No. of active MUs at 20% MVC at onset
No. of active MUs at 20% MVC at end
No. of MUs recruited

0-10% MVC

10-20% MVC

20-30% MVC

30-40% MVC

40-50% MVC

Average MU firing rate at 20% MVC, pps
Force CV at 20% MVC, %

Normalized twitch P at 20% MVC at onset
Normalized twitch P at 20% MVC at end

1 34
22.1 100
9.2 437
52 46.4
102 120
61 116
45 117
40 108
23 7
15 3
12 1
12 1
14.88 (11.4-18.0) 19.2 (5.5-24.0)
1.4 5.6
1 0.81
1.21 0.76

Data are results of the simulations of the series of the intermittent contraction series with nonuniform force twitch time-dependent behavior. P, peak force.

parameters for the VL muscle become available, the distribution can be
adjusted to reflect improved estimates.

The force twitches modeled for the FDI and VL muscles are
presented in Fig. 4A. The distributions of parameters for both muscles
are reported in Fig. 4B.

APPENDIX D: TIME DEPENDENCE OF THE MOTOR UNIT
FORCE TWITCHES

Information available in the literature on time-dependent
changes in the force twitches of individual motor units during a

Table A3. Time-varying duration of the force twitches

voluntary sustained contraction is scarce. Kernell et al. (1975)
reported that potentiation (increase in force twitch amplitude) is
more pronounced for higher-threshold motor units; Burke (1967)
observed similar increase in the force twitch amplitude irrespective
of recruitment threshold; Thomas et al. (1990) reported that low-
threshold motor units show the greatest increase in amplitude.
Thomas et al. (1990, 1991a) and Fuglevand et al. (1999) reported
a linear relation between the amplitude of the force twitch and the
motor unit “fatigue index,” measured as the peak twitch force after
a standard fatigue protocol normalized to the initial nonfatigued
value. However, in these studies, all motor units were stimulated at

FDI: Intermittent Contractions

Decreasing twitch duration

First contraction

Last contraction

Increasing twitch duration

First contraction

Last contraction

Contraction 1
Excitation at 50% MVC, %max 21.9
Excitation at 20% MVC at onset, %max 9.0
Excitation at 20% MVC at end, %max 53
No. of active MUs at 50% MVC 101
No. of active MUs at 20% MVC at onset 62
No. of active MUs at 20% MVC at end 46
No. of MUs recruited
0-10% MVC 41
10-20% MVC 22
20-30% MVC 14
30-40% MVC 12
40-50% MVC 12
Average MU firing rate at 20% MVC, pps 149 (11.3-18.2)
Force CV at 20% MVC, % 1.6
Normalized twitch P at 20% MVC at onset 1
Normalized twitch P at 20% MVC at end 1.21
Twitch Tr at 20% MVC at onset, ms 50
Twitch Tr at 20% MVC at end, ms 52
Twitch Thr at 20% MVC at onset, ms 100
Twitch Thr at 20% MVC at end, ms 105

12 1 16
65.7 21.5 78.3
24.0 8.1 28.2
29.8 5.0 339
119 101 120
104 61 108
110 43 112
71 41 88
21 22 15
11 15 9
7 12 5
3 11 3
17.4 (8.1-22.3) 14.9 (11.5-17.9) 17.8 (7.4-22.8)
2.1 1.5 23
0.79 1 0.64
0.67 1.20 0.54
46 50 49
45 53 48
85 100 95
82 108 94

Data are results of the simulations of the series of repeated intermittent contractions for the FDI muscle when the duration of the motor unit force twitches
varies with contraction time. Thr, half-relaxation time; Tr, rise time.
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a fixed frequency of 40 Hz, whereas it is known that during
voluntary contractions, higher-threshold motor units fire at pro-
gressively lower firing rates (De Luca and Contessa 2012; De Luca
and Hostage 2010).

The time-dependent adjustments in the duration of the motor unit
force twitches (Tr and Thr) are also not well understood. Carpentier et
al. (2001) reported that after fatigue caused by repeated submaximal
contractions in the FDI muscle, the average values of P, Tr, and Thr
increased for low-threshold motor units and decreased for high-
threshold motor units. Thomas et al. (1991a) reported that in response
to a standard 2-min fatigue test in the FDI, Tr became slower but Thr
became faster for motor units that lost force (lower P), whereas motor
units that potentiated (higher P) showed the opposite adaptation.
Again, the effect of electrical stimulation on motor unit force twitch
is likely to be different than the effect of voluntarily induced muscle
fatigue. Overall, these data do not provide a reliable basis for mod-
eling the adjustments in the force twitch parameters for the individual
motor units of the FDI muscle. For the VL muscle, to our knowledge

FORCE TWITCH ADAPTATION AND MOTOR UNIT CONTROL

no data are available regarding the mechanical properties of individual
motor units.

The majority of the studies available in the literature relate to the
time-dependent adjustments of the whole muscle force twitch rather
than those of the individual motor units. There is general agreement
that the amplitude of the muscle force-twitch increases at the begin-
ning of a sustained contraction (potentiation) and subsequently de-
creases as fatigue progresses (Burke 1981; Dolmage and Cafarelli
1991; Macintosh et al. 1994; Vandervoort et al. 1983). Again, con-
trasting observations have been reported for the time-dependent pa-
rameters of the muscle force twitch with fatiguing contractions: the
force twitch became slower in the work of Bigland-Ritchie et al.
(1983), faster in Vgllestad et al. (1997), and did not vary in Binder-
MacLeod and MacDermond (1993). Some of the variability in the
observations might be associated with differences in the fatiguing
protocols employed. In our previous work (Adam and De Luca 2003,
2005), the VL muscle was electrically stimulated at supramaximal
intensity in the rest periods between a series of repeated isometric
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contractions sustained at 50% and 20% MVC. Results showed that the
muscle force twitch amplitude increased to ~1.1 of the initial value in
the first 40 s and decreased to 0.6 of the initial value as the contraction
was repeated to the endurance limit (reached after 10 min). There was
a tendency for both the rise time and the half-relaxation time to
decrease with fatigue, but the change was not consistent in all
subjects. When we applied the same protocol to the FDI muscle of
seven subjects (unpublished data), the amplitude increased on average
to about 1.2 of the initial value in the first 60 s and then decreased to
0.4 of the initial value at endurance time (after about 14 min). Rise
time and half-relaxation time declined on average to ~85% and 95%
of the initial value, but the trend was not consistent in all subjects. As
shown in METHODS, we used these data to describe the time-adjustment
in the amplitude of the motor unit force twitches for both the VL and
the FDI muscles in the simulation model. The amplitude of each of the
individual motor unit force twitches is linearly increased at the
beginning of the contraction series (up to 40 s in the VL and 60 s in
the FDI) and subsequently decreased to the endurance limit. The slopes
of the amplitude increase and decrease are chosen to provide time-
dependent changes in the amplitude of the simulated whole muscle force
twitch that resemble those obtained empirically. For the VL muscle, we
also imposed the condition that the potentiation reaches its maximum
at 40 s and returns back to the precontraction value by the end of the
first contraction (at 60 s), based on our empirical evidence (see Fig. 8,
bottom). This constraint was not necessary in the case of the FDI
muscle, where the empirical muscle force-twitch amplitude showed
slower decrease.

Note that the same slope for the time-dependent increase and
decrease in force twitch amplitude was used for all active motor units.
The study of Carpentier et al. (2001), where the amplitude of the force
twitch increased for earlier-recruited motor units and decreased for
later-recruited motor units during the same protocol of repeated
contractions at 50% MVC, suggests that later-recruited motor units
might actually display faster adjustments in their twitch amplitude.
However, we currently lack accurate information to model the time-
dependent adjustment of the twitch amplitude for individual motor
units as a function of their recruitment threshold during the tracking
tasks investigated in this study. However, note that a faster decrease
in the force twitch amplitude of later-recruited motor units would not
modify the behavioral pattern predicted by the model. It would only
accelerate the increase in motor unit firing rate and the recruitment of
additional motor units.

Sensitivity test. Also note that in the model, the same changes in the
amplitude of the force twitches are applied in a coordinated manner to

First Dorsal Interosseous
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all active motor units: the amplitude increases only in first 40 s (VL)
or 60 s (FDI) and decreases afterward. Thus only motor units recruited
in the first 40 or 60 s will actually display potentiation. This assump-
tion is based on the lack of data describing the different changes in
twitch amplitude for individual motor units during voluntary isometric
contractions, as previously discussed. However, we investigate here a
different scenario, simulating the series of repeated contractions
presented in Fig. 7 for the FDI muscle by applying the same pattern
of force change to all active motor units as a function of the individual
motor unit’s activation time, instead of as a function of contraction
time. Thus the twitch amplitude of all motor units will potentiate in
the first 40 or 60 s of their individual activation time and subsequently
decrease, irrespectively of when the motor units are recruited in the
series of repeated contractions.

The results of this simulation are shown in Fig. Al. Data are
presented in a similar manner as in Fig. 7. The resultant excitation,
force, and motor unit behavior appears to be qualitatively similar to
that of the simulation reported in Fig. 7. During the 20% MVC plateau
region of the first contraction, the input excitation required to maintain
the target force decreased slightly, leading to decreasing firing rates of
the active motor units and derecruitment of several motor units.
Adjustments occurred concurrently with an increase in the muscle
force twitch amplitude. Throughout the series of repeated contrac-
tions, the input excitation needed to exert both the initial 50% MVC
and subsequent 20% MVC force increased progressively with con-
traction time, leading to a progressively greater number of active
motor units and to an increase in their firing rates. These adjustments
were accompanied by a progressive decrease in the muscle force
twitch amplitude and are presented in Fig. A1 and Table A2 for the
first and last contraction of the series. The coefficient of variation of
the force increased with contraction time. The main differences
between the simulation presented here and the one presented in Fig. 7
are /) the endurance limit increases when all motor units potentiate
during the first minute of their individual activation time (34 sequen-
tial contractions were simulated of than 14); 2) the change in motor
unit firing rates during each contraction of the series is less pro-
nounced because the muscle fatigues more gradually; 3) in each
contraction, the last recruited motor unit displays a steady firing rate
only after a few seconds of its first recruitment; and 4) the force
fluctuations are higher at the endurance limit due to potentiation of the
newly recruited high-threshold high-amplitude force twitch motor
units. Note that this simulation is meant to investigate the firing rate
behavior of motor units under a plausible alternative time pattern of
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the motor unit force twitches. A more realistic appraisal awaits
empirical data.

Since we did not find conclusive data on the changes in the time
duration of the motor unit force twitch, either from the literature or
from our own data, Tr and Thr were maintained constant in the model,
a characteristic that can also be improved as more accurate data are
made available. However, given the number of disparate reports on
this matter that can be found in the literature, we investigate here the
behavior of the model when the duration of the motor unit twitches
varies in conjunction with the amplitude. Specifically, we simulated
the protocol of repeated intermittent force contractions presented in
Fig. 7 for the FDI muscle, with the additional constraint that both the
rise time and the half-relaxation time of all active motor units either
decrease by one-half or double by the endurance limit.

The results of the simulations are presented in Table A3 and are shown
in Fig. A2A for decreasing force twitch duration and in Fig. A2B for
increasing force twitch duration over time. Data are presented in a similar
manner as in Fig. 7. Again, the resultant excitation, force, and motor unit
behavior appears to be qualitatively similar to that of the simulation
reported in Fig. 7. The main differences between the simulation presented
here and the one presented in Fig. 7 are /) the endurance limit decreases
when the twitch duration shortens over time (12 sequential contractions
were simulated instead of 14), and it increases when the twitch duration
lengthens with time (16 sequential contractions instead of 14); and
2) whereas the twitch duration of the individual motor units actually
shortens by one-half or doubles by the endurance limit, the duration of the
whole muscle force twitch is only mildly affected. The motor unit
amplitude decreases in conjunction to the varying twitch duration, and
thus the force of the varying-duration motor units comprises a progres-
sively smaller contribution to the muscle force twitch.

APPENDIX E: FIRING RATE-DEPENDENT
GAIN FACTOR

The summation of force during tetanic contractions is nonlinear
and depends on the stimulation frequency (Bawa and Stein 1976;
Cooper and Eccles 1930; Fuglevand et al. 1993; Mannard and
Stein 1973). The relationship between isometric force and stim-
ulus rate has a well-known sigmoidal shape (Bigland and Lippold
1954; Rack and Westbury 1969), which depends on the contrac-
tile properties of the motor units. However, if the stimulus rate is
normalized as a function of the twitch rise time, the shape of the
force-frequency relation is similar for all motor units (Kernell et
al. 1983; Thomas et al. 1991b). Furthermore, for normalized
stimulus rate lower than 0.4, the gain is almost constant and is
similar to that of an isolated twitch (Burke 1981). The nonlinearity
was introduced in the model by scaling the impulse trains of each
motor unit with a gain factor, which depends on the firing rate of
the motor unit.

In our previous experiment, the FDI and the VL muscles
were electrically stimulated at supramaximal intensity and
increasing rates (1, 5, 10, 15, 20, 30, 50, and 100 Hz), and the
twitch response was recorded. The protocol was administered
to three subjects in the VL and to seven subjects in the FDI. For
details on the VL experiments see Adam and De Luca (2003,
2005). The experimentally obtained force-frequency curves
were fitted to the following exponential function (Adam 2003;
Herbert and Gandevia 1999; Studer et al. 1999) for normalized
stimulus rates (fn) higher than 0.4:

(0.4—fn)
y(fn)=1-—re ¢

(13)

The equation was normalized to 1 at the stimulus rate fn =
0.4 and divided by the normalized stimulus rate. The gain

FORCE TWITCH ADAPTATION AND MOTOR UNIT CONTROL

factor that accounts for the nonlinear summation of twitches
was then evaluated by using the formula:

1 0<fn;=4

0.4 (0.4—fn) 14
D — [1 —re c ]
fnij(l - r)

gij(fn) = >4

where g;; is the gain assigned to the jth firing of motor unit / and
fn; is the normalized instantaneous firing rate; fn; = Tr/IPL (Tr;
indicates the rise time of motor unit i, IPI; indicates the jth
interpulse interval). The parameter values obtained from the fit of
the experimental data are r = 0.87 and ¢ = 2.82 for the FDI
muscle and r = 0.85 and ¢ = 2.13 for the VL muscle.

The gain factor is used to scale the amplitude of each motor
unit pulse in the train of firings as a function of the correspond-
ing IPI. The force-frequency relation fitted from the experi-
mental data depicted in Fig. A3 for the VL and FDI muscles.
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