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ABSTRACT

Il controllo della forza muscolare si basa printipente su due fenomeni: il reclutamento
di unita motorie e la regolazione della loro freogee di scarica. Molti aspetti riguardanti i
meccanismi coinvolti nel controllo delle unitd ma¢oe nella generazione di forza muscolare
restano ancora da investigare.

Parte del lavoro di questa tesi ha riguardatoudistdel comportamento della frequenza di
scarica delle unita motorie e dei parametri allsebdell'incremento delle fluttuazioni dell’output
di forza durante I'esecuzione di contrazioni muado$ostenute fino all’affaticamento. Inoltre,
stato analizzato il comportamento della frequenizasadrica delle unitd motorie durante lo
svolgimento di contrazioni muscolari a livelli dorka crescente fino alla massima forza di
contrazione volontaria (a diverse velocita di imeeato della forza); ed & stata messa a punto una
equazione in grado di modellare il comportamenttladéequenza di scarica in funzione
dell’'eccitazione ricevuta dal pool di unita motofigisultati di questa prima analisi sono serpir
creare un modello di produzione della forza museolaasato su dati fisiologici verificabili. Il
modello include il concetto di “common drive”, oveedi un input oscillatorio comune ricevuto da
tutte le unitd motorie del pool; la dipendenza terafe dei “twitch” di forza delle unita motorie;
ed un “feedback loop” per simulare la generazidrferda in contrazioni in “target-force tracking
mode”.

Si e dimostrato come il modello sviluppato sia iadp di simulare il pattern di forza e il
comportamento delle unita motorie sperimentalmestervati durante I'esecuzione di contrazioni
prolungate e sostenute fino all’affaticamento. lartigolare, si & potuto osservare come
I'eccitazione ricevuta dal pool di unita motoriersodifichi in seguito ad un aumento o ad una
diminuzione della capacita di produrre forza defibre muscolari e come la variazione
dell’'eccitazione comporti di conseguenza una dimione o un aumento della frequenza di scarica
delle unita motorie e del numero di unita motottig&va. La simulazione di contrazioni muscolari
prolungate ha anche evidenziato come la cresceamtiabiita della forza muscolare sia da

attribuire al reclutamento di unita motorie canattzate da “twitch” di ampiezza maggiore e da un



maggiore grado di cross-correlazione tra la fregaali scarica delle unita motorie attive, mentre

la variabilita della frequenza di scarica non sambfiuire sull’output di forza.
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ABSTRACT

Muscle force is regulated by varying two main matait properties: the recruitment and
the firing rates of motor units. Discrepancied stfist on the mechanisms involved in motor unit
control and muscle force generation.

This study investigated the behavior of motor dinihg rate during sustained fatiguing
contractions and the motor unit parameters thatnamst likely to influence force fluctuation
increase. We also studied the firing rate of matats during linearly increasing force contractions
up to maximum, or near maximum voluntary contracfiorce, at different rates of force increase,
and developed an equation that models the firitg t@ehavior as a function of increasing
excitation to the motor unit pool. Results wereduge create a model of muscle force production
that is based on verifiable physiological conceptd data. The model also includes the concept of
common drive, i.e. of an oscillatory common inpeteived by all motor units in the motor unit
pool, the time-dependent changes of motor unitctvéis, and a feedback loop to simulate force
generation in a target-force tracking mode.

Simulations showed that the model is able to mitmécforce and firing rate patterns which
have been experimentally observed during repeatedractions sustained to exhaustion: the
excitation to the motoneuron pool must be adjustagsponse to an increased or decreased force
generation capacity of the muscle fibers, and thmimgf rates of all motor units respond
consequently with a decreased or increased fidg. The simulation of prolonged contractions
showed that the increase in force variability mayatiributed to the gradual recruitment of higher-
recruitment threshold larger-amplitude force twitclotor units. The level of cross-correlation
between firing rates appeared to influence forogatedity, whereas the variability in the firing

rates had no clear effect on force variability.
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CHAPTER 1

BACKGROUND AND OBJECTIVES

Introduction

When a muscle contracts, the central nervous systgaiates muscle force production by
varying two main motor unit parameters: the reaneitit of new motor units and the modulation of
firing rates of active motor units.

The firing rate of motor units has been reporteddorease during sustained contractions
while the force output of the muscle remains camster during maximal voluntary contractions
(De Luca and Forrest, 1973; De Luca et al., 198&yson and Kudina, 1972; Bigland-Ritchie et
al., 1983a,b). Two explanations have been propdhednput to the motoneuron pool is reduced
as the motor unit contractile speeds slow (BiglRithie et al., 1983a,b; Marsden et al., 1983)
and this mechanism helps preventing contractirigriaiduring prolonged sustained contractions.
This phenomenon is known as “muscle wisdom” and atasbuted to reflex inhibition caused
mainly by muscle metabolites accumulation whichitescGroup 11l and IV afferent nerve endings
(Bigland-Ritchie et al. 1986; Woods et al., 198&ri@nd 1991). This hypothesis was formulated
for maximal voluntary contractions in which musébece could not be maintained at a constant
level. Alternatively, De Luca and Forrest (1973g Duca et al. (1982b, 1996) and Adam and De
Luca (2005) suggested that the central drive adaptaintain the target force as the force
twitches of the motor units change in amplitudel eonsequently the excitation to the motoneuron
pool alters the firing rates of the motor unitantaintain the force output at the desired levelsThi
concept describes the voluntary control of musoted output as being regulated by a feedback
loop.

Contracting muscles do not produce a smooth omdgtéarce. The cause of the force
fluctuation has been a topic of some interest duthre past 60 years (Halliday and Redfearn,
1956; among others). Force fluctuation is also kmdavincrease both during and after sustained
contractions as the muscle is fatigued (Gottlied kippold, 1983; Furness et al., 1977; among

others). The literature contains contrasting reparh the behavior, influence and assumed



causality of various motor unit parameters on ti@dasing force fluctuation during fatigue. For
instance, firing rates of motor units were obseritedecrease during a fatiguing task by De Luca
and Forrest (1973) and Garland et al. (1994); waseesdam and De Luca (2005) found that this
initial decrease was followed by an increase agribecle progressed towards exhaustion. Firing
rate variability increased after a fatiguing exeecin the work of Garland et al. (1994) and Enoka
et al. (1989), but remained unchanged in the wbMaxefield et al. (2000). In a simulation study,
Yao et al. (2000) found that synchronization hasubstantial effect on the amplitude of force
fluctuations. Both synchronization and low-frequgroherence of motor unit firings were found
to increase after eccentric exercise by Dartnadlle€2008). In contrast, Semmler and Nordstrom
(1998) reported no relation between either syndhedion or common modulation of firings and
force fluctuations when comparing skill-trained atigkngth-trained subjects.

Since the work of Henneman (1957), it has been kvalivn that motor units are activated
in order of increasing size and excitability, ahattthe range of forces where motor units are
recruited differs for different muscles (De Lucaagt 1982a; 1996). Animal studies employing
steady injected currents that directly stimulate mtotoneurons showed that the frequency versus
current relation may be represented by a straigtg for all currents up to those causing
inactivation (Granit et al., 1963; Kernell, 1965h).constrast, Gydikov and Kosarov (1974) and
Monster and Chan (1977) observed that low threshmitbr units tended to saturate as muscle
force was increased. Varying reports can also beddor the firing rate at recruitment and the
maximal firing rate. It has been reported thatiearkecruited motor units display lower minimum
firing rates (Kernell, 1965c; De Luca and Erim,19B4im et al., 1996; Moritz et al., 2005); or that
all motor units start firing with approximately tilsame firing rate regardless of their recruitment
threshold (Freund et al., 1975; Tanji and Kato,3%Mmong others). Maximal firing rates have
been observed to either converge to the same walalemaximal force levels (De Luca and Erim,
1994; Erim et al., 1996), or to reach lower valt@slater recruited motor units (Tanji and Kato,
1973; De Luca et al., 1982). Moritz et al. (200&parted that high-threshold motor units might be

able to fire faster than low-threshold motor units.



The behavior of motor unit firing rate and forceridg sustained contractions and the
relation of some motor unit parameters on muscteefovere analyzed. Results were used to
develop a model of muscle force production withgiblpgical bases. The majority of the existing
models (Fuglevand et al. 1993; Herbert and Gandé@89; Yao et al. 2000) do not incorporate
the concept of common drive (De Luca et al.,, 1982a; Luca and Erim, 1994), i.e. of an
oscillatory common input received by all motor snit the motor unit pool. Existing models also
do not consider the time-dependent changes in tternunit twitch parameters and are usually
used in a pure feed forward mode, without the pd#gi of simulating the motor unit force in a
target-force tracking algorithm mode. The developmef a force model which is based on
verifiable physiological concepts of motor unit t@h properties and behavior and that can be
used to simulate constant force contractions wobkl instrumental in explaining the
experimentally observed firing rate and force pate It may also have the potential to gain
insights on the contractile properties of muscfethé firing rate behavior is known, and on the
recruitment and firing rate strategies employedth®y central and peripheral nervous system to

control muscle force.

Main objectives
This project was designed to analyze in detail matot behavior and control properties
during the performance of sustained isometric @mtions and during linearly varying force
contractions. Results were used to develop a nwidaliscle force with physiological bases which
is able to explain how the central nervous systeththe peripheral nervous system control motor

units to produce force.

The specific objectives of the individual chaptars:

Chapter 2: provide some basic knowledge on thdrelegographic (EMG) signal and the
techniques employed to record and analyze it. Aodigosition technique is described, which
enables to detect a large number of the motoragatibn potential trains that comprise the EMG

signal with a high accuracy.



Chapter 3: study the modifications that occur ie tieural control of motor units during
the performance of intermittent isometric contraasi performed to exhaustion with the vastus
lateralis (VL) muscle. We investigated the motoit yiarameters that are most likely to influence
force fluctuation increase during a fatiguing cantion. Data used for this analysis were
previously acquired in other projects (see Adam@ed.uca, 2003, 2005).

Chapter 4: study the firing rate behavior of matoits during linearly increasing force
contractions up to maximum, or near maximum volgntontraction force (MVC), at different
rates of force increase. Experiments performedian Healthy subjects with the VL and the first
dorsal interosseous (FDI) muscle are presentedthenigsults of the analysis were used to develop
an equation that model the firing rate behavioa dsnction of increasing excitation to the motor
unit pool.

Chapter 5: develop a model for describing the geiwar of isometric muscle force that is
based on verifiable physiological concepts and,datt includes the concept of common drive,
the time-dependent changes of motor unit twitchers] a feedback loop to simulate force

generation in a target-force tracking mode.



CHAPTER 2

DECOMPOSITION AND ANALYSIS OF ELECTROMYOGRAPHIC SIG NALS

The electromyographic (EMG) signal is the signaoatated with the contraction of a
muscle. Over the past 80 years, first manual teglas and later computer-based techniques have
been developed in order to extract from the EMGhaignformation on how muscles are
controlled by the central nervous system and theplperal nervous system. One of these
techniques, named the Precision Decomposition tgeanhas been developed by C. J. De Luca
and colleagues since the late 1970s. It was fpptied to intramuscular EMG signals (LeFever
and De Luca, 1978; LeFever et al., 1982a, b), atet modified for surface EMG signals (De Luca
et al., 2006; Nawab et al., in press). Specialteldes, both surface electrodes and intramuscular
electrodes (needle or wire electrodes), were dedign accomplish this task. This introductory
chapter provides a brief description of the EMGnalg the techniques used to record and
decompose it, and the main findings from the ush@Precision Decomposition technique during

the past three decades.

The EMG signal

The action potential that causes the muscle tarachis an electric pulse generated in the
motoneurons, neural structures whose cell bodgaatéd in the anterior horn of the spinal cord
and that synapse with the muscle fibers. A singt#omeuron may synapse with one or more
muscle fibers, whereas each muscle fiber is innedvhy only one motoneuron. The motoneuron
and all the muscle fibers it innervates is callethator unit (MU). It is the functional unit of
muscles since all the fibers that comprise it wilhtract when the pulse from the motoneuron is
received. The EMG signal is the sum of the actiaeptials caused by the membrane
depolarization that starts at the motor end plidite ¢onnecting point between the motoneuron and
the muscle fibers) and propagates in both direstadang the fibers. All the action potentials from
the fibers innervated by a specific motoneuron sagEse to form the motor unit action potential

(MUAP) and, when the motoneuron is repeatedly eggita motor unit action potential train



(MUAPT) is formed. The MUAPTs of the fibers locatéd the vicinity of the electrode are

captured by the electrode and constitute the ENGadi

Signal detection

The EMG signals that were acquired for this proyeete recorded with specially designed
electrodes that simultaneously detect three charofdEMG signal. Some of the data presented in
this thesis were previously collected in other gctg with a quadrifilar fine wire intramuscular
sensor (see Adam, 2003; Adam and De Luca, 200%)2(®ee Chapter 3.) Data acquired in this
project were recorded with a special surface seiiSee Chapter 4.)

The wire sensor was composed by four Nichrome atirRim wires coated with nylon.
The distal end (1 mm) of the wires was curved s the electrode was anchored into the muscle.
The diameter of each wire was 50 or j#h, depending on the desired detection selectiVibe
wires were inserted into the muscle using a didgeshypodermic needle which was removed
after the electrode had been inserted. The sigmate band passed from 1 kHz to 10 kHz and
sampled at a rate of 50 kHz. The filtering progeggposefully distorted the shapes of the action
potentials, rendering them particularly suitablehit® decomposition algorithms. The sampling rate
was also chosen in such a way to provide the reduasolution to the decompaosition algorithm.

The surface sensor was comprised of four pinsrfrbin diameter) with blunted ends that
protruded from the housing so that, when pressathsigthe skin, they made a surface indentation.
Pins were located at the edges of a 5 x 5-mm sqUdmese surface EMG signals were band

padded from 20 Hz to 1750 Hz, and the signals argked at 20 kHz.

Signhal decomposition
The term decomposition has been commonly used seride the process whereby
individual MUAPs are identified and uniquely cldid from a set of superimposed motor unit
action potential trains (MUAPTS) belonging to comeutly active motor units. The concept of
decomposition is depicted in Figure 1. It involibe breaking down of the interference EMG

signal that is recorded when more than one motdrisiractive in the vicinity of the detection



electrode. The process of decomposing an EMG sigrel be a trivial task when only two
MUAPTSs with distinctly different MUAP shapes areepent; but it may become a challenge when
many MUAPTs with nearly similar and unstable MUARapes are present. A completely

decomposed EMG signal provides all the informatigailable in the signal.

Raw BEMG Signal

AR

Y
DECOMPOSITION

v

Individual Mator Unit Action
Copyright © NeuroMuscular Research Center Potential Trains ( MUAPTS)

Figure 1. Decomposition of EMG signalsPictorial outline of the decomposition of the EMi@ral into its
constituent MUAPs (From De Luca et al., 1982a).

The decomposition algorithm, first developed fdramuscular EMG signals, is a complex
procedure that classifies the individual action eptils by using template matching and
probability of firing statistics, resolves superiiosis, and allocates the action potentials to moto
units (Le Fever et al., 1982; Mambrito and De Luk284; Stashuck and De Luca, 1989; De Luca,
1993). Decomposition is often a difficult task snitie EMG signal may present a high level of
superposition from different MUs. The shape mayp alsange across the different action potentials
of each MU (arising from slight movements betwede tsensor and muscle fibers and/or
intracellular processes), and shapes from diffek#ds may appear very similar to each other at

various times among the action potentials. Thesn@mena may also act in concert with each



other to make the decomposition task all the moifficdt. The algorithm can be run
automatically, but sometimes interaction with arerapor is required to achieve higher accuracy
(from 85% up to 100%) in the MUAPs detection whetamposing intramuscular EMG signals;
therefore automatic decomposition is followed by noa decomposition. Recently, the
decomposition algorithm has been modified and nsagkable for surface EMG signals (De Luca
et al., 2006; Nawab et al., in press). The taskesblving the motor unit action potential trains is
even more difficult in the case of surface EMG sigrsince superposition, similarity of shape, or
change of shape of the action potentials are agatstt. Decomposition accuracy ranges from 85%
to 97% (on average 92.6%) for surface files (Naefadl., in press).

When an action potential has been identified asrgghg to a specific motor unit, the
algorithms seek the instance of the greatest \afltlee amplitude of the action potential and store
it as its firing time. In so doing, a time seridsatl the firings of each motor unit is obtainedl A
the firings of each decomposed train can then Iplalled with bars as a function of the
contraction time as pictured in Figure 2B. Eachizootal line contains the firings of a single
motor unit and the firing time instants are presdmwith vertical bars. The time intervals between
firings (the time interval between the firing ofn@otor unit and the previous firing of the same
motor unit) are plotted as a function of contractione in Figure 2A. Figure 2C shows the mean
firing rates of the motor units, computed by lovsgdiltering each firing time impulse train with a
unit-area Hanning window. The width of the windoat&'mines the amount of smoothing applied

to the mean firing rate curves.

Results of the decomposition algorithm
Several properties of the control of motor unitgdhaeen revealed by the decomposition
of EMG signals during the past years. A more dedadescription may be found in De Luca and

Adam (1999) and more recent papers (Adam and De,l2@03, 2005).
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Figure 2: Results of the decomposition algorithmContraction time is measured on the horizontal anis
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(From Adam, 2003.)



Firing Rate Decay

The first observation directly resulting from thee€ision Decomposition analysis was the
firing rate decay (De Luca and Forrest, 1973; Ded et al, 1982b; De Luca, 1985; De Luca et al.,
1996). During isotonic isometric contractions a®&@3050% and 80% MVC in the first dorsal
interosseous (FDI) and in the tibialis anterior JTiuscle, the firing rate of the motor units
decreased as a function of time (see Figure 3Ayak first suggested (De Luca, 1979) and later
interpreted (De Luca et al., 1996) that the obserdecrease may be due to either an intrinsic
property of the motoneuron to exhibit a firing ratecay over time when stimulated with a DC
current (this phenomenon was first described iar@mal preparation by Kernell, 1965a,b); or that
it may be a consequence of twitch potentiation,ctviiefers to the increase in the amplitude and
duration of the force twitch upon repeated firifihe last hypothesis has later found further

evidences in the work of Adam and de Luca (2005).

Common Drive

Another property of motor unit firing rates, thaasvobserved thanks to the decompaosition
technique, is the common drive (De Luca et al.,289®). It refers to the tendency of motor unit
firing rates to fluctuated in unison, with minome delay between them. The common fluctuations
of four concurrently active motor units are clearigible in Figure 3A. Common modulation in the
firing rates of motor units has been verified byesal investigators (Miles, 1987; Stashuk and de
Bruin, 1988; among others); and indicates thatddetral nervous system does not control the
firing behavior of each individual motor unit, bumstead, modulates the behavior of the entire
motoneuron pool of a muscle in the same way. Tlgence of common drive does not mean that
motor units fire synchronously, but it indicatesimilar control of motor units over a larger time
scale than the one related to individual firingheTamount of common input received by
concurrently active motor units can be quantifigd domputing the cross-correlation function
between their firing rates (see Figure 3B). Highuga for the cross-correlation between firing
rates and force indicate that firing rates areetated with the force output of a muscle, too. The

peaks occurring at positive time lags indicate thatfiring rates lead the force as is expected due

10



to the time required to build up the force in thasaie after the fibers have been activated. (See

Figure 3C.)
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Figure 3: Common drive. A) Firing rate records of four concurrently actietor units (dashed lines) are
shown superimposed on the force output (solid lieeprded during an isometric constant-force catitva

of the deltoid muscle. The force level is given agercentage of MVC on the right. B) The cross-
correlations of the mean firing rates of a motait with those of the other units. Note that thekseaccur at
zero time. C) The cross-correlations of the firnages of all four motor units with the force outpitthe
muscle. Peaks occurring at positive time lags a@i¢hat the firing rate leads the force as is etquedue to
the time required to build up the force in the nieisdter the fibers have been activated. (FromiDea et
al., 1982b).
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Synchronization

Synchronization refers to the tendency of motoitsuto fire at fixed time interval with
respect to each other more often than would beategddf the motor units fired independently.
Synchronization occurs in two modalities: shortiteland long-term. The cross-interpulse
histograms for two motor unit pairs characterizespectively by short-term (Figure 4A) and long-
term (Figure 4B) synchronization are shown in Fégdr The cross-interpulse histogram is a plot
that collects the time difference between eachdiof a reference motor unit (motor unit A) and
the first previous and subsequent firing of a corently active motor unit (motor unit B). If the
histogram has a peak at 0 ms, the two motor uerits to fire together. In contrast, if the two MUs
are not synchronized, the cross-interval histogvalhappear as a uniform distribution function.
Synchronization has often been associated withef@moothness, with a higher degree of
synchronization causing the force to be more v&ié¥ao et al., 2000). It has also been reported
that synchronization increases after eccentricais@(Dartnall et al., 2008). A study of motor unit
pairs detected during isometric isotonic contradim six muscles revealed that only a very small
percentage of the firings were synchronized: arramee of 8% of the firings were short-term
synchronized and only 1% long-term synchronized (Rea et al.,, 1993), suggesting that
synchronization of motor unit firings is likely toe an epi-phenomenon with no physiological
design of its own. More recently, it was shown tthegt degree of synchronization did not change
during 20% MVC contractions performed to exhausiiorthe vastus lateralis (VL) muscle, and
thus, it cannot be related to the increase in fditgeuation observed during the development of

muscle fatigue (Contessa et al., 2009).

Onion Skin

De Luca et al. (1982a) were among the first to dwmt the onion skin phenomenon,
together with Person and Kudina (1972) and Tan{ &ato (1973). It refers to the orderly
hierarchy of motor unit firing rates: lower threfthonotor units always display a greater firing rate
than higher threshold motor units. Thus, when itvegfrates are plotted as a function of time, they

form overlapping layers resembling the structurehaf skin of an onion. De Luca et al. (1982)
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suggested that the control of motor units may hdereeloped so as not to maximize the force-

generating
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Figure 4: Synchronization The amount or synchronization between two pdiniator units is studied by
calculating a cross-interval histogram. A) Exampfieé cross-interval histogram which displayed stentn
synchronization. B) Example of long-term synchratian. (From Adam, 2003.)

capacity of a muscle, but instead seem to hawserve capacity of force generation. The later
recruited motor units are fast-twitch motor unitelaequire a greater firing rate to fuse than the
earlier recruited slower-twitch motor units. If tteder recruited MUs maintain a lower firing rate,
they will be less likely to tetanize. In contrastthey fired faster, they would likely become
exhausted in a very short time. In this way, ameseapacity of force-generation is probably kept
within the muscle, and it cannot be used duringasisd voluntary contractions (even very strong

contractions). They also suggested that the cosyrstiem is probably organized in such a way as
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to maximize not only the contraction force, butoabination of contraction force and contraction

time. An evident example of the onion skin phenoomeis reported in Figure 5.
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Figure 5: Onion Skin phenomenon.Firing rate records of six concurrently active motmits are shown
superimposed on the force output (solid line) rdedrduring an isometric constant-force contractiime
force level is given as a percentage of MVC onriplet.
Diversification

Diversification of the control properties refersthe diverse characteristics of the behavior
of motor units in different muscles (De Luca et 4982a). The motor units of smaller, distal
muscles, such as the FDI muscle, tend to be redruitthe force range up to 50 % MVC and have
mean firing rates which reach relatively higherueal when compared with those from larger,
proximal muscles such as the deltoid and the tiaparuscles, which however recruit their motor
units in a wider force range (up to 80 % MVC). Andar observation in the adductor pollicis and
biceps brachii muscles was reported independentifukulka and Clamann (1981). The diverse
control properties in different muscles might befukin the generation of smooth muscle force:
smaller muscles have less motor units and, thexeforce gradation due to recruitment would be
coarser throughout the full range than in largerscies which have many more motor units.
Furthermore, the larger more proximal muscles tande more postural and are required to
produce sustained contractions more often. The ridiiag rates in these muscles may help

delaying the progression of fatigue.
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Exercise

Adam et al. (1998) reported that the firing ratad #e recruitment thresholds of motor
units are modified by long-term exercise. The Fisaie of both the dominant and non-dominant
hands was studied during isometric isotonic cotitvas performed at the same force level. Results
indicated that long-term preferential use of thenohmnt hand, that can be regarded as a moderate
form of exercise, decreased the firing rates ofamanits. Also, a larger number of motor units
was recruited at lower force levels. This findisgin accordance with previously known fact that
the dominant hand has slower twitch muscle fib&enéka et al., 1984; Zijdewind et al., 1990),
probably due to the life-long preferential use, #imd allows twitch fusion and force build up to

occur at lower firing rates.

Aging

Erim et al. (1999) analyzed the firing rates arstugment thresholds in the FDI muscle of
young and elderly subjects (above 65 years of age),reported that aging influences the control
properties of motor units. Average firing rates eveecreased, probably reflecting the slowing of
the muscle, and recruitment thresholds were alserdomaybe due to a the greater percentage of
slow-twitch fibers in muscles of elderly subjectie common drive phenomenon and the onion
skin phenomenon were disrupted: firing rates wdienoout-of phase, and they exhibited different
trends (some were increasing at the same time lessotvere decreasing during an isometric,
isotonic contraction). (See Figure 6.) These ressuiggested that these modifications may lead to

an inefficient force generation scheme.

Motor Unit Substitution

De Luca and Westgaard (1999) reported the occurehenotor unit substitution during
very-low level (< 4% MVC), long-duration contraati® (10 min) in the trapezius muscle: when the
activity level decreased slightly, a motor unitpgied firing, and, in response to a subsequenttsligh
increase in the force output, a new motor unit wasruited in place to the one that was

derecruited. Motor unit substitution was not obedrduring the first few minutes of a contraction,
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even among units that later displayed this phenomefhey suggested that this phenomenon is
the result of an adaptation process, so that tbeuitment threshold of the already active motor

unit may have become greater than that of the or@as in the hierarchy, which is then recruited in

place of the “old” one.
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Figure 6: Aging. Firing rate behavior in an elderly subject: onidiinsphenomenon is clearly violated.
Firing rate records of five concurrently active motinits are shown superimposed on the force olumlid
line) recorded during an isometric constant-foroatction. The force level is given as a percentafy

MVC on the right. (From Erim et al., 1999.)

Fatigue

Motor unit firing patterns were studied in the Vlustle of three young subjects during a
series of isometric knee extensions sustained @ RIY/C and performed to exhaustion (Adam
and De Luca, 2003, 2005). The main findings wermanotonic decrease in the recruitment
threshold of all motor units and the progressiva@uigment of new units, all without a change of
the recruitment order. Furthermore, the firing satef motor units first decreased and then
increased with time, complementing the changeseéndlicited twitch, which first increased and
then decreased. (See Figure 7.) The inverse nedip between motor unit firing rate and
recruitment threshold was maintained throughoutfttigue series, suggesting that the way the
CNS controls muscle force is invariant with fatiguehe observed common firing rate and

recruitment adaptations complemented the mechaoi@iges of the muscle, indicating that the
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firing rate of motor units adapts to counteract¢hange in the force produced by the muscle fibers
during the contraction series. With fatigue, arréase in central drive to the motor unit pool was
necessary to compensate for the loss in force ofrigm the motor units whose muscle fibers were

actively contracting.
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Figure 7: Fatigue.Overlay of time course of firing rate adaptatiamsl elicited torque responses during the
fatiguing contractions. Shown are mean firing raiésnotor units (shaded lines, left vertical axisid the
peak torque of a single twitch and of the tetatimmglation at 50 Hz (crosses and open circles,tngintical
axis). (From Adam and De Luca, 2005.)
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CHAPTER 3

MOTOR UNIT CONTROL AND FORCE FLUCTUATION DURING FAT IGUE

(paper published in the Journal of Applied Physiglal07: 235-243, 2009)

Abstract

During isometric contractions, the fluctuation bétforce output of muscles increases as
the muscle fatigues, and the contraction is sustlhiao exhaustion. We analyzed motor unit firing
data from the vastus lateralis muscle to investigahich motor unit control parameters were
associated with the increased force fluctuationbj&is performed a sequence of isometric
constant-force contractions sustained at 20% maxXionee, each spaced by a 6-s rest period. The
contractions were performed until the mean valu¢ghefforce output could not be maintained at
the desired level. Intramuscular EMG signals westected with a quadrifilar fine-wire sensor.
The EMG signals were decomposed to identify atheffirings of several motor units by using an
artificial intelligence-based set of algorithms. \Were able to follow the behavior of the same
motor units as the endurance time progressed. @t foutput of the muscle was filtered to
remove contributions from the tracking task. Thefioient of variation of the force was found to
increase with endurance time (p < 0.0017R0.51). We calculated the coefficient of variatiof
the firing rates, the synchronization of pairs aftar unit firings, the cross-correlation value loét
firing rates of pairs of motor units, the crossretation of the firing rates of motor units and the
force, and the number of motor units recruited ryithe contractions. Of these parameters, only
the cross-correlation of the firing rates (p < Q.84 = 0.10) and the number of recruited motor
units (p = 0.042, R= 0.22) increased significantly with enduranceetifor grouped subjects. A
significant increase (p < 0.001? R 0.16) in the cross-correlation of the firingem@and force was
also observed. It is suggested that the increasieeicross-correlation of the firing rates is likel

due to a decrease in the sensitivity of the pragtive feedback from the spindles.
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Introduction

Contracting muscles do not produce a smooth omdgtéarce. The cause of the force
fluctuation has been a topic of some interest duthre past 60 years (Halliday and Redfearn,
1956; among others). It has been further repofedngss et al., 1977; Gottlieb and Lippold, 1983;
among others) that these fluctuations increase thating and after sustained contractions as the
muscle is fatigued.

When a muscle contracts, the central nervous systgaiates muscle force production by
varying two main motor unit parameters: the reaneitt of new motor units and the modulation of
firing rates of active motor units. The firing bef@ of motor units can be assessed by parameters
such as the firing rate, firing variability, synohization of motor unit firings, and the common
modulation of motor unit firings. The literaturentains varying reports on the behavior, influence
and causality of these parameters on the incredsmog fluctuation during fatigue. For instance,
De Luca and Forrest (1973) and Garland et al. (LB&gbrted a decrease in the firing rate of most
motor units during a short-lasting fatiguing tagklam and De Luca (2005) later found that this
initial decrease was followed by an increase asntligcle continued to contract and progress
towards exhaustion. After eccentric exercise thirdirate increases (Dartnall et al., 2008).

There have been contrasting reports on the chaofgisng rate variability with fatigue.
Variability of the firing rate was found to increasfter a fatiguing exercise by Garland et al.
(1994) in the biceps brachii muscle and by Enolka.€t1989) in the first dorsal interosseus muscle
(FDI). In contrast, Macefield et al. (2000) obse&lve systematic change in firing rate variability
of the extensor hallucis longus muscle when fatigdering a sustained maximum voluntary
contraction (MVC). A causal relationship betweea fling rate variability and force variability
was highlighted in a simulation study by Moritzatt (2005). However, contrasting reports have
been published. Firing variability was regardedaa$ikely contributor to the increased force
fluctuations observed in elderly subjects at lowcés by Tracy et al. (2005) and Laidlaw et al.
(2000), but another study of some of the same asifftgalganski et al., 1993) reported an increase

in force variability but not in firing rate varidlty in elderly subjects. Additionally, Semmler and
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Nordstrom (1998) reported that increased forceabdity was not accompanied by a change in
firing rate variability when comparing skill-traideand strength-trained subjects.
Controversial reports can also be found for syneizedion and common modulation of

motor unit firings. In a simulation study, Yao dt &000) found that synchronization had a
substantial effect on the amplitude of force flations, and the authors suggested that it may
explain some of the experimentally observed in@eds the amplitude of the surface EMG
(SsEMG) signal, such as those which occur duringdiatg contractions. Both synchronization and
low-frequency coherence of motor unit firings wévend to increase after eccentric exercise by
Dartnall et al. (2008). In contrast, Semmler anddstrom (1998) reported no relation between
either synchronization or common modulation ofnfys and force fluctuations when comparing
skill-trained and strength-trained subjects. Syaotration did not contribute to the increased force
fluctuations during low-force isometric contractsoin elderly subjects in a study by Semmler et al.
(2000). Similarly, Nordstrom et al. (1990) notedatange in the strength of synchronization in the
masseter muscle during a fatiguing contractiorerbgtingly, Holtermann et al. (2008), using a
novel SEMG method, noted an increase in both symeration and force variability, but no causal
dependency between these two parameters, durirdiguihg contraction. There can be many
reasons for the discrepancies among the reportsehediions. Some differences may be due to the
measurement of the force variability; others to dhalysis of grouped motor units from different

contractions and/or subjects.

In this study we were interested in investigatihgnodifications occurred in the neural
control of motor units. In our protocol we requelstee subjects to use visual feedback in order to
follow a ramp trajectory up to 50% MVC and then ntain a force output constant at 20% MVC
for approximately 50 s. This protocol requires gubjects to track the visually displayed force
output about a mean value. This tracking process@eéntroduces a force-variability due to the
innate ability of the subjects to modulate the éootitput on the basis of the processed visual cue.
We removed this tracking fluctuation from the datal focused on the force variability caused by

the intrinsic force production. In this study weeastigated the behavior of the control propertfes o
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motor units during fatiguing contractions sustaitnedexhaustion and related the behavior to the
increasing force fluctuation. Our approach enahledo follow the firings of individual motor

units throughout a sequence of sustained contrectim this fashion we could document the
alterations in the firing characteristics in thetaraunits and did not need to rely on observations

made on the group behavior of different motor populations.

Methods

The experiments performed to collect the datatiw $tudy have been previously reported
by Adam and De Luca (2003, 2005). They are destritere in brief; additional details may be
obtained by referring to the previous papers.

Subjects -- Four healthy men reporting no known neurolalgiisorder participated in the
study. The mean + SD for the age of the subjecs24a25 + 0.96 yr (range 20 - 22). An informed
consent form approved by the Institutional Revieval®l at Boston University was administered to
all subjects before participation in the study.

Force measurement -- Subjects were seated in a chair designedstoain hip movement
and immobilize their dominant leg at a knee angléG5 flexion. Isometric knee extension force
was measured via a load cell attached to leverardha pad positioned against the tibia 3 cm
above the medial malleolus. Visual feedback of ikhee extension force was displayed on a
computer screen. The force signal was band-passefil from DC — 100 Hz and digitized at 2
kHz.

EMG recording -- Intramuscular EMG signals were recorded frdma vastus lateralis
(VL) muscle of the dominant leg by use of a qualdriffine wire sensor. The electrodes of the
sensor were comprised of four 50 um diameter nglmated Ni-Cr wires glued together and cut to
expose only the cross section of the wires (De lamthAdam, 1999). The sensor was inserted into
the muscle via a 25 gauge disposable hypodermidi@meehich was removed after the wires were
inserted. Three combinations of pairs of wires westected and differentially amplified to yield
three separate intramuscular EMG channels. Thalsigrere amplified, band-pass filtered (1 kHz

— 10 kHz), sampled at 50 kHz, and stored on a PGffline data analysis.
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Protocol -- At the beginning of the experimental sessmmjects performed three brief
maximal knee extension contractions of approxingaBebk in duration. The greatest value of the
three trials was chosen as the maximal voluntangraotion (MVC) force. The subjects were then
asked to follow a series of force trajectories, alhivere displayed on a computer screen, by
isometrically extending the knee joint. The trackitask was practiced a few times to ensure
subjects were able to smoothly follow the trajeiemr The subjects performed 7-10 contractions
separated by at least 3 min of rest before proogddithe fatigue protocol.

After the practice session, subjects proceededdaofatigue protocol where they were
asked to track repeated contractions, separaté&dshgf rest, until they could no longer maintain
the target level. (See Figure 8.) Each contradbegan with a ramp up to 50% MVC (at a rate of
10% MVC/s) and a brief hold phase; the target vakas then decreased to 20% MVC and
maintained at this level for 50 s. At the end & tycle, the force level was decreased at the same
rate as the initial ramp. Strong verbal encouragerneas given when the force traces dipped
below the 20% MVC target value by more than 1% M{BEZ of target value) and the fatigue
sequence was terminated at the end of a contragtien the dips in the force occurred at a rate of
more than 2 per 10 s of constant target force.

Although the interval for analysis was the plateagion, that is, the 50 s where the force
was held constant at 20% MVC, the ramp at the lmixggnof each cycle allowed us to observe
changes in the recruitment threshold of each moiit throughout the contraction seri@he
inclusion of the higher-force ramp was part of ecéoparadigm designed for other data collection
requirements in previously published work. In thisrk, it proved useful for identifying the
recurrence of specific motor units in separate remtibns. For additional information refer to
Adam and De Luca (2003).

Data Analysis -- Five contractions for each subject were aredy the first, the second,
the middle, a contraction between the middle aeddkt, and the last contraction. A 30 s interval
in the middle of the 20% MVC part of the contrantiwas chosen for all computations. This
interval was chosen because it allowed analysih®fdata in a region where many motor units

were firing continuously and new ones were recduite
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Figure 8: Fatiguing protocol. Successive isometric contractions were trackeskt@ustion, separated by 6
s of rest. Each contraction started with a rampoup0% MVC (at a rate of 10% MVC/s) and a briefchol
phase; the target value was then decreased to 20% &hd maintained at this level for 50 s. At thel e
the cycle, the force level was decreased at thee sate as the initial ramp. (Modified from Adam abd
Luca, 2003.)

The force data were analyzed after detrending ifeals with a high-pass filter having a
corner frequency at 0.75 Hz. The detrending wasessay to remove the low-frequency
components caused by the trajectory tracking componof the force and maintain the higher-
frequency components resulting from the motor tinitg behavior. The standard deviation (SD)
and the coefficient of variation (CV = SD/mean &fl00) of the force were computed in the
same time range used for the motor unit analysis.

The intramuscular EMG signals were decomposedtire® constituent motor unit action
potential trains by means of the Precision Decoiitipostechnique (LeFever and De Luca 1982a;
Nawab et al., 2008). This is an artificial intefligce driven automatic technique that uses template
matching, template updating and probability of nfiri statistics to separate and identify the
individual action potentials with up to 85% accwyrathe accuracy can be improved to over 97.5%
with an operator-assisted editor (Nawab et al.,8200 this study, we used the technique to
process three channels of intramuscular EMG sigiketected via a quadrifilar fine wire sensor.
The shapes of the action potentials belonging tmdirnidual motor unit appear differently on each
channel. This distinction was instrumental in idfginig the occurrence of the individual firings of
the individual motor units as well as enabling safithe individual motor unit action potentials to
be followed amongst contractions (see also AdamDend.uca, 2003). An example of the results
of the decomposition process can be seen in F@gdrahich present the timing of the individual

firings of 6 motor units that were identified dugithe contraction that produced the force plotted
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in the figure. (Note that the inter-pulse intervate plotted vertically.) Only motor units that tbu
be identified for at least two successive contomdiwere considered for further analysis. The
time-varying mean firing rate of each motor unitsw@mputed by low-pass filtering the impulse
train representing the time occurrence of each mati firing with a Hanning window of 400 ms
duration. Figure 9B shows the time-varying firiregas of the same motor units shown in Figure
9A. The firing rates were detrended to remove tbe yvariations by filtering the signals with a
high-pass filter having a corner frequency at (Hz5 An example may be seen in Figure 9C. The
SD and CV (SD/mean value*100) of the mean firintesawere computed from the detrended
signals.

The level of common drive between pairs of conautyeactive motor units was computed
by calculating the cross-correlation function oé tthetrended mean firing rates of all motor unit
pairs within a contraction. An example is showrFigure 9E. The degree of common drive was
obtained by measuring the maximum of the crossetation function in the interval of +/- 100 ms.
Please see De Luca et al. (1982) and De Luca anthAti999) for details. In order to determine if
the common fluctuations in the mean firing rates also reflected in the force output of the
muscle, the detrended mean firing rate of each mama (Figure 9C) was cross-correlated with
the detrended force output (Figure 9G). The degreeross-correlation was determined by
measuring the maximum that occurred with a lagQff io 200 ms. An example may be seen in
Figure 9F.

Synchronization between the firings of pairs of amotunits was calculated according to the
technique described in De Luca et al. (1993). Tlesszinterval histogram was calculated for each
pair of motor units in a contraction. An exampleynee seen in Figure 9D. For each pair, the
motor unit with the least number of firings was st as the reference motor unit and the other as
the alternate. For each firing in the reference amainit, the forward and backward latencies
between it and the nearest firing in the altermad¢or unit were accumulated in the cross-interval
histogram. To find latencies where synchronizati@surred, the count of each latency bin was
compared to a statistically determined threshabterinined by using a binomial distribution and a

confidence level set at 95%. The strength of symtlation was then computed for each peak in
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the histogram that surpasses the threshold by nafahe Synch Index (SI), which represents the
percentage of synchronized firings beyond that tvivould be expected if the two motor units

were firing independently.
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Figure 9: Data analysis.A traced force trajectory is shown superimposedhaninter-pulse intervals (A)
and on the mean firing rates (B) of the active motats. The black vertical lines indicate the 3ibiterval
used for all data analysis. The detrended meangfirates (C) and the detrended force (G) in thmeti
interval are shown. From these signals, the folhmwiparameters were computed: the strength of
synchronization (D), the cross-correlation (E) kextw the detrended firing rates of all active matdit pairs
and the cross-correlation (F) between the detreffided rates of each motor unit and the detrenfiede.
Note that in (A) when the inter-pulse intervalstiedé motor units are greater than 200 ms, a fixddevaf
200 ms is displayed.
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Results

Subjects were able to track from 6 to 10 conseeut®jectories (7.75 = 2.06 contractions)
prior to reaching the limit of their endurance aad@paas measured by their ability to maintain the
20% MVC force level. The pre-fatigued knee extendit/C values measured at the beginning of
the experimental session ranged from 206.01 to82208. (213.12 + 7.8 N)As the contraction
sequence progressed, all subjects showed a dedrpesfeciency in smoothly tracing the force
trajectories and an increase in force fluctuatidiigss phenomenon is evident in Figure 10 which
presents three samples of the force profile trackesubject #2. The last contraction of subject #2
could be used only for force analysis due to aidenable degree of motor unit superposition and
changes in shape.

The analyzed data from one individual subject @cthf3) are presented in Figure 11. The
change in parameter values as a function of endaréime is evident and representative of the
grouped patterns shown in Figure 12, which showshihavior of all the subjects. In order to
determine if the parameter values varied as aifumadf the contraction number, they were plotted
on a normalized scale for endurance time, wherefitse contraction was designated as 0%
endurance time and the last contraction of theesefior each subject was designated as 100%
endurance time. A linear regression analysis wda®eed on each parameter and the slope of the
regression was tested for significant differenaanfrthe value 0 according to the two-tailed t-
statistic using a threshold = 0.05. If the slope is not significantly diffeteftom O, it would
indicate that there was no influence of enduranice.t Table | contains the equation of the
regression line, the?Ralue, the significance level of the slope andrthmber of data points used
in the regression.

Force variability -- The variability in the force, computed as 0¥ of the detrended
force, increased from an average value of 0.67%18% in the first contraction to an average
value of 2.10% = 0.99% in the last contraction ptdexhaustion. Subjects #2 and #3 showed the
greatest increase in the CV of the force. Signifiqzositive relations were found for the CV of the

force as a function of endurance time for eachesub{See Table I.) A significant positive relation
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was found for the CV of the force as a functioreonfiurance time for grouped subjects. (See Table

I and Figure 12.)
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Figure 10: Force variability. The first, middle and last traced force traje@srior subject #2 are presented
in order to show the increase in the force fludtureg with the progression of fatigue.

Firing rate variability -- The CV of the detrended mean firing ratesenesmputed for
26 motor units throughout the sequence of contrastiThe CV of the firing rates of motor units
which were active in the plateau region of thetfosntraction did not change significantly (see
Table 1) as the contraction sequence progresseeteal, the CV of the mean firing rates of motor
units which began firing in the plateau region ulteessive contractions almost always decreased
while they stabilized their firing pattern. Thesater recruited motor units were always
characterized by a greater variability in theiimiy rate with respect to the previously active moto
units. No significant relation between the CV ¢ thean firing rates of the motor units firing from
the first contraction and the CV of the force wasrid (R = 0.02, p=0.65 for subject #1?R 0.3,
p=0.21 for subject #2; 3= 0.06, p=0.51 for subject #3°R 0.09, p=0.34 for subject #4).

Cross-correlation of firing rates -- The cross-correlation functions were compurdhe
firing rates in the plateau region between pairsafcurrently active motor units. Forty-two (42)
pairs of motor units were followed throughout atdetwo, and in some cases all of the contraction
sequence. All subjects showed some degree of cavsskation of the firing rates between the
value of the common drive (computed as the maxinadirthe cross-correlation function in the
interval of +/- 100 ms) and endurance time for ¢hod the four subjects. (See Table I.) Only
subject #4 did not show a significant increase a@erage, the common drive increased from 0.25

+ 0.13 in the first contraction to 0.39 + 0.20 hetlast contraction. Subjects #2 and #3, which
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exhibited higher variability in the force, also shem higher common drive values than the other
two subjects. When the cross-correlations of ail shbjects were grouped together, thev@ue
decreased slightly, as would be expected from titer-subject variability, but the slope value
remained significant. A significant relation betweabe value of the common drive and the CV of
the force was found for three out of four subj¢&s= 0.76, p<0.0001 for subject #1° R 0.14,
p=0.029 for subject #2;%R= 0.33, p=0.01 for subject #3). Only subject ##jal did not show a
significant increase of common drive with enduraticee, was not characterized by a significant
increase (R= 0.01, p = 0.74).

Cross-correlation of firing rates and force -- The same trend was found for the
maximum value of the cross-correlation functionsMeen individual motor unit firing rates and
force, computed for 26 different MUs throughout tamtraction sequence. The values increased
as the number of performed contractions increasedaapositive linear trend was found for all
subjects. (See Table I.) On average, the maximurrea&sed from 0.32 + 0.09 in the first
contraction to 0.45 + 0.16 in the last contractidgain, subjects #2 and #3 had the highest values.
When the cross-correlations of all the subjectsewsouped together, the” Ralue decreased, as
would be expected from the inter-subject variapilliut the slope value remained significant. A
significant relation between the cross-correlatbriring rates and force and the CV of the force
was found for all subjects {R= 0.72, p<0.0001 for subject #1° R 0.24, p=0.028 for subject #2;
R? = 0.66, p=0.0001 for subject #3% R0.30, p=0.024 for subject #4).

Synchronization of motor units -- A total of 100 motor unit pairs were analyzé&thiey
were obtained from all the contractions of all tibjects. Most of them (73 out of 100) showed
some minor degree (average Sl < 4%) of synchrdnizaind most of the synchronized pairs (69
out of 73) presented long-term synchronizationdtlag > 6 ms), while a smaller group (34 out of
73) presented short-term synchronization (timeda§ ms). The average Synch Index was always
in the range between 2 to 4% in all contractiond for all subjects. This indicates that when
synchronization of motor unit firings was notedJyoR to 4% of the firings were synchronized
beyond that expected by random chance. Table tanel that there is no clear trend suggesting

that the Synch Index varies systematically as atfon of contraction sequence (endurance time).
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Figure 11: Results individual subject. The behavior of all the analyzed variables witkdweance time is
presented for subject #3: the coefficient of vasia{CV) of the detrended force, the Common Driedined

as the maximum value of the cross-correlation foncbetween the detrended motor unit firing ratethe

interval +/- 100 ms, the maximum valued of the srogrrelation function between the detrended maoiitr

firing rates and the force, the number of recruiteator units during the analyzed interval, the CMtee

detrended mean firing rates, the strength of syamihation (Synch Index (Sl)) (see text), and thecpetage
of synchronized motor unit pairs. The first fourgraeters were significantly increasing with endaeatime

(this is indicated by the * symbol). The first plmt the right hand side shows the CV of the dezdndean
firing rates as a function of endurance time fémabtor units. Only motor units that were activetle first

and subsequent contractions were used for thesgigreanalysis.
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Figure 12: Results all subjectsThe behavior of all the analyzed variables witdweance time is presented
for all subjects grouped: the CV of the detrendmdd, the Common Drive defined as maximum valutnef
cross-correlation function between the detrendedomonit firing rates in the interval +/- 100 méet
maximum values of the cross-correlation functiomween the detrended motor unit firing rates and the
detrended force, the number of recruited motorsuditring the analyzed interval, the CV of the dedes=l
mean firing rates, the strength of synchronizateng the percentage of synchronized motor unispaine
first four parameters were significantly increasimigh endurance time (this is indicated by the mbypl).
The first plot on the right hand side shows the @\Wthe detrended mean firing rates as a function of
endurance time for all motor units. Only motor ariliat were active in the first and subsequentraotions
were used for the regression analysis.
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Table I: Parameters influencing force fluctuation: statistics. Statistics from the regression analysis
performed on single subjects and on grouped subjfiecteach analyzed parameter. The equation of the
regression lines, the’Rvalue, the p value and the number n of data paistsl for the regression are
reported. In each case, the independent variaidehe endurance time. In the case of the CV offitiveg
rates, the regression lines were drawn considenitg motor units active from the first contraction.

Parameters Subject Subject Subject Subject Grouped
#1 #2 #3 #4 subjects
y=0.53x+0.35 | y=1.99x+0.51 | y=1.53x+0.93 | y=1.10x+0.79 | y=1.38x+0.62
CV force R?=0.81 R?=0.80 R?=0.81 R?=0.97 R?=0.51
p=0.036* p=0.042* p=0.039* p=0.002* p<0.001*
n=5 n=5 n=5 n=5 n=20
Cross- y=0.27x+0.15| y=0.19x+0.5 y=0.2x+0.45 y=0.22 y=0.18x+0.33
correlation R?=0.64 R?=0.23 R?=0.27 R?=0 R?=0.10
between firing p<0.0001* p=0.004* p=0.024* p=0.92 p=0.001*
rates n=25 n=35 n=19 n=21 n=100
Cross- y=0.19x+0.23 | y=0.25x+0.51 | y=0.26x+0.38 | y=0.09x+0.32 | y=0.19x+0.36
correlation R?=0.43 R?=0.33 R’=0.62 R?=0.29 R’=0.16
between firing p=0.001* p=0.009* p<0.001* p=0.026* p<0.001*
rates and force n=21 n=20 n=16 n=17 n=74

y=0.32x+2.26 | y=3.50x+5.10 | y=5.52x+1.13 | y=2.15x+3.97 | y=2.51x+3.26

4 Recruited MU R?=0.06 R?=0.98 R?=0.95 R?=0.54 R?=0.22
p=0.70 p=0.01* p=0.004* p=0.16 p=0.042*
n=5 n=4 n=5 n=5 n=19

y=-0.21x+4.47| y=2.46x+3.44 | y=-0.73x+5.35| y=-1.62x+5.35| y=-0.26x+4.63

CV mean firing R?=0 R?=0.26 R?*=0.11 R?=0.10 R?=0
rate p=0.93 p=0.24 p=0.35 p=0.33 p=0.72
n=11 n=7 n=10 n=12 n=40

Synchronization y=0.54x+1.03 | y=-0.51x+2.48| y=0.98x+1.39 | y=0.01x+2.31| y=0.36x+1.77

between firing R?=0.02 R?=0.03 R?=0.05 R?*=0 R?*=0.01
ates p=0.48 p=0.36 p=0.38 p=0.99 p=0.34
n=25 n=35 n=19 n=21 n=100

y=0.14x+30.52| y=-0.12x+95.7| y=0.2x+66.09 | y=0.09x+75.95| y=0.10x+65.39
% Synchronized R?=0.02 3R’=0.46 R?=0.09 R?=0.04 R?=0.01
MU pairs p=0.81 p=0.32 p=0.62 p=0.75 p=0.64

n=5 n=4 n=5 n=5 n=19
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Also, no trend was found for the number of synclaee motor unit pairs as a function of
the contraction sequence. When the subjects werggd, the S| and the number of synchronized
pairs were statistically independent of the endcgaime. (See Table | for details.)

Number of newly recruited motor units -- As it was previously noted by Adam and De
Luca (2005), motor units were recruited during$hecessive contractions to partially compensate
for the decrease in the amplitude of the forcedias of the active motor units. For each subject
there was a trend for the number of observed rectumotor units to increase during the
contraction sequence. In subjects #2 and #3 thel thas significant, whereas for subjects #1 and
#4 it was not. (See Table I.) Nonetheless, whesuddjects were grouped, the increasing trend was
significant. A significant relation between the rien of newly recruited motor units and the CV
of the force was found only for subject #2¢R0.96, p= 0.018). No significant relation wasridu
for the other subjects (R= 0, p=0.91 for subject #1;°R 0.67, p=0.092 for subject #3? R 0.50,

p=0.18 for subject #4).

Discussion

A muscle does not produce a smooth or constang fenen when it is attempted to do so.
In our earlier work we have shown that the firirgges of motor units are not constant and that
fluctuations in the firing rates are correlatedhatite fluctuations in the force output of the mascl
(De Luca et al., 1982). The question raised in Wk is why the force fluctuation increases
during a fatiguing contraction, as it has been megbby Furness et al. (1977), among others. In
this study we considered only the intrinsic forketuations, that is, those that were caused by the
motor unit firing behavior. We did so, by filteririge force and removing any influence of force
corrections resulting from attempts at maintairtimg force constant.

We investigated the behavior of the motor unit oanparameters during constant-force
isometric contractions and found only one that gmé=d a significant relationship (in 3 out of 4
subjects) with the observed increase in the foleetifation. It was the Common Drive derived
from the cross-correlation value of the firing satd motor units. The number of motor units that

were recruited tended to increase with enduramse, teven if the increase was not significant for
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each of the subjects, but was significant wherstligects were grouped. The relation between the
number of newly recruited motor units and the domfht of variation (CV) of the force was not
significant for all subjects. The lack of signifitee may be due to the limited number of motor
units that we were able to track.

The firing rate variability remained unaltered &df the motor units which were recruited
during the first contraction and could be followbdoughout subsequent contractions. Most of the
motor units that were recruited during subsequentractions decreased their CV as their firing
rate increased and stabilized; as is typical oflpegcruited motor units. With the minor exception
of the short-term contribution of the unstablenfiyirates of newly recruited motor units which is
overwhelmed by the unaltered CV of the rest ofabgve motor units, it does not seem possible
for firing rate variability to cause the increasethe force variability. Our finding differs from
those of other authors, who relate the force vditigbduring an isometric contraction, mainly to
the variability in the firing rates of the activeotor units. Moritz et al. (2005) was able to impgov
the performance of a motor unit model to predictéovariability by acting on the firing rate
variability, suggesting that this is a major deterant of the fluctuation in isometric force. This
observation may be so, but the fact remains thegality we found a significant increase in force
variability without any significant increase in tfigng variability throughout the endurance time
that fatigued the muscle to exhaustion. Laidlavale{2000) compared the firing behavior in the
FDI muscle between young and old subjects, and datlmat firing variability has a role in
steadiness. However, that finding only held for lth@est force levels contractions (2.5% and 5%
MVC) and not for higher force levels (7.5% and 10 C). This finding is not unexpected
because at force levels below 5% MVC, motor unéeehfiring rates typically less than 10 pulses
per second and in the absence of many other motts the individual pulses and associated force
twitches can influence the variability of the foroetput. Their finding would only apply to
fatiguing contractions if the firing rate decreagedthe low values associated with a 5% MVC
contraction. Such a decrease in the firing ratesyelver, was not observed in VL motor units
during repeated, submaximal contractions accortbrifpe fatigue protocol of this study. Instead,

our findings are consistent with those of Semmiet Hordstrom (1998), who found no difference
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in the firing variability of motor units in the FDhuscle of skilled-trained subjects compared to
strength-trained subjects, even though the skalgojects produced lower force variability; those
of Macefield et al. (2000), who reported no chamngdiring variability of motor units in the
extensor hallucis longus during a sustained MV thiose of Galganski et al. (1993), who found
no difference in the firing variability of motor s in the FDI muscle of young and elderly
subjects, despite an increased force variabiligidterly subjects.

Another firing parameter that has been associaidil imcreasing force variability is the
synchronization of motor unit firings. In a compugémulation study, Yao et al. (2000) showed
that motor unit firing synchronization increased éimplitude of the fluctuations in the simulated
force without altering the magnitude of the averfgee. In another simulation study, Taylor et al.
(2003) reported that an increasing level of shemat synchronization with excitatory drive
provided the closest fit to the experimentally olsed relation between the coefficient of variation
of the force and the mean force. Our findings amesistent with those of Semmler et al. (2000)
who showed that an increased force-variabilityldeosubjects was not coupled with higher levels
of motor unit firing synchronization. Admittedlyheir results could be influenced by the different
profile of the motor unit force twitches of the ymuand elderly subjects nonetheless they raise the
guestion as to the existence of a causal relatipnshtween synchronization and the force
variability. In the present study, we found thag ttegree of synchronization of motor unit pairs
that could be tracked across contractions was itehfrlow (Synch Index between 2 and 4%, see
Figure 12), a value that is consistent with thapi@vious reports (De Luca et al., 1993; Semmler
et al.,2000; Taylor and et al2003). Furthermore, both the degree of synchraoizaand the
number of synchronized motor unit pairs did notrgesignificantly as a function of sustained
contractions. (See Table I.) Consequently, syndhation cannot account for the increase in the
force variability during fatigue.

A motor unit parameter that was found to be altehadng fatigue is the Common Drive,
defined as the maximum value of the cross-cormiditiinction of the firing rates between pairs of
concurrently active motor units. It was foundriorease significantly with endurance time in 3 out

of 4 subjects. The increase was seen in all matds @and in all subjects. The cross-correlation
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between firing rates and the force also increa3dekse observations are consistent with the
prediction of the Lowery and Erim (2005) model.drsimulation study, they superimposed low-

frequency oscillations (<5 Hz) to the input of adabthat generated motor unit firings (to simulate
the Common Drive) and found that both common ingghtiuctuations of mean firing rates and

force variability increased, while common oscillgtinputs at frequencies close to the mean firing
rate were most effective in inducing short termcéyonization. The question remains as to why
the Common Drive increases during sustained isacn&intractions.

It has previously been proposed by De Luca et 2009) that during a sustained
contraction, the cross-correlation of motor uniinfy rates is influenced by motor unit recruitment
via the feedback from the spindles and possiblyGblgi Tendon Organs, with the spindles being
the more dominant factor. Muscle spindles respaonthé mechanical excitation of the non-fused
muscle fibers and provide a discordant excitatothe homonymous motoneurons. Spindles in the
proximity of the contracting muscle fibers eithécken or stretch depending on their orientation
with respect to the fibers (Binder and Stuart, 298din and Vallbo, 1990). Thus, la firings either
decrease or increase until the recruited muscégdibecome fused or quasi-fused. With motor unit
recruitment, some motoneurons will be facilitatetl assome will be disfacilitated due to the
discordant afferent input. Consequently, the finiages of the motor units will vary in a discordant
manner and the amplitude of their cross-correlatidh decrease. Even if the alignment of the
spindles with respect to the muscle fibers wasonmf a discordant afferent input could result
from inhomogeneous changes in the sensitivity ef dpindles during sustained contractions. In
this study, we found a relationship between the bemof newly recruited motor units and the
cross-correlation value of all motor unit firingea with endurance time. Thus, it is reasonable to
postulate that a decreased spindle influence wmgdlt in an increase in the cross-correlation
value of the firing rates when motor units are wéed during a fatiguing contraction. We are not
aware of any evidence of differential changes m élxcitation of individual spindle outputs, but
there is evidence for a global change in the spiffiing rates during a sustained contraction.
Macefield et al. (1991) reported a decrease in fauspindle firing rate during voluntary

contractions sustained for 1 minute. Hill (2001ygested that the decrease could be explained by
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a progressive fatigue of the intrafusal fibers icetli by a prolonged-drive to these fibers.
Additional support is provided by the work of Avedaal. (1999, 2001) which showed a reduction
in the stretch reflex and in the H-reflex amplituaféer the performance of a fatiguing repeated
passive stretching exercise, and suggested tlsalviis a consequence of a reduction in the activity
of the large diameter la afferents, resulting frtie reduced sensitivity of muscle spindles.

The increasing number of motor units that were uibed during the successive
contractions would also provide an increasing faraeability. As the new motor units are
recruited they fire with lower firing rates, aretriosed, and the individual force twitches increase
the force variability. The data would suggest thaire is such an influence, but the relationship is
significant only for grouped subjects. Perhaps wmtpbroved technology, it might be possible to
observe more recruited units and provide a datathsst could establish significance for the
individual subjects as well.

In conclusion, we found that during a sequenceustained isometric force contractions
performed at 20% MVC and repeated until the tadyédgel could no longer be maintained, the
fluctuation of the force about the targeted vahmeased progressively. The behavior of the force
was found to be correlated to the Common Drivéhefrhotor units which increased in progressive
contractions. The increasing number of newly reedumotor units is also likely to produce the
increasing force-fluctuation. The coefficient ofiaion of the firing rates and the synchronization
of the motor unit firings were not found to alterafunction of endurance time, and consequently

could not account for the increase in variabilitye force during fatigue.
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CHAPTER 4

THE EXCITATION PLANE

Introduction

When a muscle contracts, motor units are recr@itetimodulate their firing rate according
to the force demand. It is well known that motoitsiare activated in order of increasing size and
excitability (Henneman, 1957), and that the ranig®ies where motor units are recruited differs
for different muscles (De Luca et al., 1982a, 199&)imal studies employing steady injected
currents that directly stimulate the motoneurongehshown that the frequency versus current
relation may be represented by a single straigbktflor all currents up to those causing inactivatio
(Granit et al., 1963; Kernell, 1965a). The firiraje at recruitment has often been associated to the
time course of the after-hyperpolarization (AHR),tkat earlier recruited motor units, which are
characterized by slower AHP, also display lowerimimm firing rates (Kernell, 1965c). In human
studies, a positive relation between recruitmergghold and initial firing rate has been found by
more recent studies (De Luca and Erim,1994; Eriad.et1996; Moritz et al., 2005); whereas other
authors indicate that motor units start firing wépproximately the same firing rate regardless of
their recruitment threshold (Tanji and Kato, 19¥8sund et al., 1975; among others). However,
the different observations on the initial firingtea are highly dependent on the available
technology and the methods used for estimatingdiittefirings of a motor unit. Contrasting reports
also exist for the maximal firing rates: firing eathave been observed to either converge to the
same value near maximal force levels (De Luca atih,EL994; Erim et al., 1996), or to reach
lower values for later recruited motor units (Taamid Kato, 1973; De Luca et al., 1982). Moritz et
al. (2005) reported that high-threshold motor umiight be able to fire faster than low-threshold
motor units.

In this study we were interested in studying thiadi rate behavior of motor units during
linearly increasing force contractions up to maximwoluntary contraction force (MVC), at
different rates of force increase. In our protoed,requested the subjects to use visual feediback i

order to follow ramp trajectories up to either nmaal force (100% MVC) at a rate of 10% MVC/s,
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or up to 80% MVC at a rate of 4% MVC/s, or up td¥®&MVC by tracking a slower ramp
trajectory, at a rate of 2% MVC/s. A newly develdpgecomposition technique applicable to
surface EMG signals (De Luca et al., 2006; Nawahl.etin press), was used to observe a large
number of motor units recruited on almost the entiinge of recruitment in two different muscles,
and to follow their behavior from recruitment uprt@aximal force levels. The aim of the project
was to model the behavior of the firing rates dsiraction of excitation during isometric force

contractions.

Methods

Two muscles were studied: the vastus lateralis (Wwscle and the first dorsal
interosseous (FDI) muscle.

Subjects -- Eight healthy subjects (3 males and 5 female)orting no known
neurological disorder participated in the studye Hge of the subjects was 21.29 + 2.36 yr (range
19 — 26 yr). An informed consent form approved bg tnstitutional Review Board at Boston
University was read and signed by all subjectstggbarticipation in the study.

Force measurements -- For the VL experiments, subjects were seatesl ¢hair designed
to restrain hip movement and immobilize their doaminleg at a knee angle of 60° flexion.
Isometric knee extension force was measured vizad tell attached to a lever arm and a pad
positioned against the tibia, 3 cm above the medalleolus. For the FDI experiments, subjects
were seated with their upper limb extended. Themidant hand was immobilized with straps so
that the FDI was constrained to contract isomdtyicdhe abduction force was measured by
placing a strain-gauge force transducer againstptb&imal interphalangeal joint of the index
finger. Isometric force was band-pass filtered frb@ — 450 Hz and digitized at 20 kHz, the
sampling rate of the Decomposition system.

EMG recording -- Surface EMG signals were recorded from the nausélthe dominant
limb by using a surface sensor array comprisedvefgins (0.5 mm in diameter) with blunted ends
that protrude from the housing so that, when pressgainst the skin, they make a surface

indentation. Pins are located at the edges of &b5mm square, and in the center of the square.
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Four differential combinations of signals from tthetection surfaces were selected and amplified
to yield four separate EMG channels. The signalseviiand-pass filtered (20 Hz — 1750 Hz),
sampled at 20 kHz, and stored on a PC for offliaa @nalysis.

The sampling rate of 20 kHz was required to prowgdéficient time resolution for the
decomposition algorithms.

Protocol -- At the beginning of the experimental sessibneé brief maximal contractions
of approximately 3 s in duration were performedhwé# rest period of 3 min between the
contractions. The greatest value of the threestigs chosen as the maximal voluntary contraction
(MVC) force. In this fashion, all contractions wegeoduced at the same relative force level. The
subjects were then asked to follow a force trajgctpresented on a computer screen by
isometrically contracting the muscle. Three diffargajectories were tracked: a force trajectory up
to 100% MVC (with a ramp up at a rate of 10% MVC#s)rapezoidal force trajectory up to 80%
MVC (comprised of a ramp up at a rate of 4% MVGid a hold phase of approximately 5 s), and
a trapezoidal force trajectory up to 50% MVC (wétltamp up at a rate of 2% MVC/s and a hold
phase of approximately 5 s). The three differentdoparadigms were designed to highlight
differences in the firing rate generation procdsdifferent rates of force increase. Two repetision
were performed for each trajectory, and rest peoiodt least 10 min was given in between trials.
During the recording sessions, because the coiunacivere performed at a force rate lower than
that chosen by the subjects when being testeché1®0% MVC value, subjects were not usually
able to reach the MVC force. They were then asketbliow the trajectory up to the highest
possible force level. The three different trajeie®rtracked by one of the subjects during the VL
experiments are presented in Figure 13.

Data analysis -- Surface EMG signals were decomposed into theirtitaaat motor unit
action potential trains by means of a set of athors that uses a specially developed knowledge-
based artificial intelligence framework (De Lucaakt 2006; Nawab et al., in press). The accuracy
ranges from 85% to 97%, with an average of 92.6%wab et al., in press). The decomposition
procedure yielded a train of firing instances fbrtlee motor units that were identified during the

contraction.
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Figure 13: Protocol. Three types of contractions were performed: aalilyeincreasing force contraction at
10% MVC/s up to 100% MVC (on the left-hand side)ingarly increasing force contraction at 4% MVC/s
up to 80% MVC followed by a 5-s hold phase (midgliet), and a linearly increasing force contractxir2%
MVC/s up to 50% MVC followed by an approximatelys3old phase (on the right-hand side).

The time-varying mean firing rate of each motort uvas computed by low-pass filtering
the impulse train, representing the time occurresiceach motor unit firing, with a unit-area
Hanning window of 4-s duration (LeFever and De Lutf82a). For each motor unit, four
parameters were extracted from the mean firing data: the recruitment threshold)( the firing
rate at recruitmenti(), the maximal firing rateA,), and the slope of initial firing rate increase
with time (). The recruitment threshold was calculated addhee level at which the motor unit
began to fire. The firing rate at recruitment wasireated from the average of the first three
interpulse intervals, and the maximal firing rateswcomputed as the maximum of the mean firing
rate curve in the 100% MVC contractions, and asntlean firing rate over an approximately 5-s
interval during the constant part of the forceha 80% MVC contractions. The slope (velocity) of
the initial firing rate increase was computed as sfope of a regression line fitted to the initial
approximately linear increase of the mean firing i@urve. The force signal was low-pass filtered
by using a 4-s unit-area Hanning window, and thanm&ing rates during the linearly increasing
part of the contraction (ramp up) were plotted daraction of force. Again, the velocity of the
firing rate increase was computed as the sloperefgeession line fitted to the initial part of the
mean firing rate curve plotted as a function ofcéorFiring rates at recruitment, maximal firing
rates, and the velocity of the firing rates werettgld versus the recruitment thresholds of the

motor units and a linear regression analysis wa®imeed. The slope of the regression was tested
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for significant difference from the value 0 accowglito the two-tailed t-statistic using a threshwld
= 0.05.

Results

Recruitment Threshold -- The VL muscle and the FDI muscle were characterizgd
different recruitment ranges: motor units were uged up to 60% MVC in the FDI muscle and up
to 76% MVC in the VL muscle.

Firing rate at recruitment -- Firing rates at recruitment ranged approximafedyn 4 to 14
pps in the FDI muscle, and from 4 to 13 pps in\Whemuscle. A linear relation between firing
rates at recruitment and recruitment threshold feasd, so that earlier recruited motor units
always displayed greater initial firing rates?(® 0.46, p<0.0001 for the FDI muscle? R 0.25,
p<0.0001 for the VL muscle in the faster contrawioR = 0.46, p<0.0001 for the FDI muscle? R
= 0.35, p<0.0001 for the VL muscle in the internagelicontractions; = 0.42, p<0.0001 for the
FDI muscle; R = 0.13, p<0.0001 for the VL muscle in the slowentcactions). (See Table Il and
Figure 14 and 15.) Similar values for the slope tadintercept of the regression lines were found
when analyzing the faster, intermediate, and thwesl contractions. (See Table Il.)

Maximal firing rate -- Maximal firing rates ranged from approximatelyo/35 pps in the
FDI muscle, and from 5 to 30 pps in the VL musdtethe same way as for the firing rate at
recruitment, an inverse linear relation was fourtiveen maximal firing rates and recruitment
thresholds (R= 0.65, p<0.0001 for the FDI muscle? R0.51, p<0.0001 for the VL muscle in the
faster contractions; R= 0.68, p<0.0001 for the FDI muscle? R 0.49, p<0.0001 for the VL
muscle in the intermediate contractions: R 0.79, p<0.0001 for the FDI muscle? R 0.48,
p<0.0001 for the VL muscle in the slower contragsip (See Table Il and Figure 14 and 15.)
Lower values for the intercept of the regressiordiwere observed as the slope of the contractions
was decreasing (the target force level was alsoedsing from 100% MVC to 80% and 50%
MVC). (See Table 11.)

Velocity of the firing rate -- A negative linear relation between the veloafythe firing

rate and the recruitment threshold was found cotitnas when the mean firing rates were plotted
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as a function of time (R= 0.64, p<0.0001 for the FDI muscle? R 0.49, p<0.0001 for the VL
muscle in the faster contractions’ R0.76, p<0.0001 for the FDI muscle® R0.38, p<0.0001 for
the VL muscle in the intermediate contraction$=R.76, p<0.0001 for the FDI muscle* R0.32,
p<0.0001 for the VL muscle in the slower contrawsio (See Table Il and Figure 14 and 15.)
Similar results were obtained when the mean firaitgs were plotted as a function of force, since
the force was linearly varying with time. (See Tahbl) When the mean firing rate curves were
plotted as a function of time, the slope and ir@ptoof the regression lines were similar when
comparing the results from contractions with diéferslopes. If they were plotted as a function of
force, the slope and intercept of the regressimslicomputed from the contractions performed at a
rate of 2% MVC/s and 4% MVC/s were approximatelgrisl 2.5 times slower than the slope and
intercept of the regression lines from the conioast performed at 10% MVC/s, given that the
force was linearly varying with time. (See Tablatd Figure 14 and 15.)

Table Il: Firing rate behavior: statistics. Statistics from the regression analysis on thedirates at
recruitment X,), the maximal firing rates\(,), and the velocity of the firing rates)((for the firing ratesX)

plotted as a function of time (t) and as a functibriorce €p)) versus the recruitment thresholds of the motor
units ().

FDI VL
v \Y) v \Y)
A Am (Avs.t) | Avs.@) A Am (Avs.t) | (Avs.@)
Slope | -11.20 | -39.61| -19.54| -1.83|| -5.69 | -26.74| -9.47 -0.9
10%
MVCI/s |Intercept| 10.56 | 30.44 | 12.80 1.20 9.32 28.26  10.03 0.93
R%value| 0.46 0.65 0.64 0.61 0.25 0.51 0.49 0.45
Slope | -9.31 | -30.61| -17.25| -4.57 758  -2576  -10.95  -3.03
4%
MVC/s ||ntercept| 9.62 27.01 | 11.20 2.74 9.39 25.89 9.74 2.39
R%value| 0.46 0.68 0.76 0.78 0.35 0.49 0.3§ 0.37
Slope | -10.86 | -46.19| -17.96] -9.40|| -5.68 | -29.54| -12.58| -7.55
2%
MVCI/s |Intercept| 8.75 25.52 8.42 4.19 7.44 20.41 7.05 3.7
R%value| 0.42 0.79 0.76 0.68 0.13 0.48 0.32 0.32
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Figure 14: Experimental results: FDI. Firing rates at recruitmenAj (A, B, C), maximal firing ratesh(,)

(D; E, F), velocity ¥) of the firing rate (firing rate as a functiontihe (G, H, I) and as a function of force
(J, K, L)) versus recruitment thresholdg for the FDI muscle. The left-hand side columnamtp the results
from the faster contractions (performed at 10% M§jCthe middle column shows the results from the
intermediate contractions (performed at 4% MVCés)d the right-hand side column shows the resutts fr
the slower contractions (performed at 2% MVC/s).
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Vastus Lateralis
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Figure 15: Experimental results: VL. Firing rates at recruitmendj (A, B, C), maximal firing ratesA(,)

(D, E, F), velocity ¥) of the firing rate (firing rate as a function tihe (G, H, I) and as a function of force
(J, K, L)) versus recruitment thresholdg for the VL muscle. The left-hand side column népdhe results
from the faster contractions (performed at 10% MjCthe middle column reports the results from the
intermediate contractions (performed at 4% MVCés)] the right-hand side column shows the resusis fr
the slower contractions (performed at 2% MVC/s).
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Modd of firing rate behavior -- When a motor unit is recruited, it begins firimgth an
initial firing rate A,, which is characteristic of each motor unit andliimearly related to its
recruitment threshold,, so that earlier activated motor units always ldig@a higher firing rate at
recruitment.

When the force is increased, the motor unit in@eass firing rate accordingly, up to a maximal
valueAn. This value is also linearly related to so that earlier recruited motor units show higher
maximal firing rates. Furthermore, the resultshi$ sstudy indicate that, during linearly increasing
force contractions, earlier recruited motor urnitsréase their firing rates faster than later reéedui
motor units, and that this increase is independétite contraction type or of the rate of increase
of the force. As the excitation is increased, tameity of the mean firing rates decreases and they
reach a maximal value, beyond which no furtheréase is observed. (See Figure 13.) This

behavior may be fitted with an exponential equation

A+ o = A0) * (1 — €5

wheret; is the recruitment time arilis the time constant of the firing rate increas@s equation
was chosen because it is able to describe the aseref the mean firing rates from the
characteristic minimal value at recruitment uphe maximal value at or near maximal force, and
it provides a good fit to the firing rate curves® (Ralues always greater than 0.95 for the
contractions increasing at 10% MVC/s? Ralues always greater than 0.84 for the contrastio
rising at 4% MVC/s; Rvalues always greater than 0.82 for the contrastitsing at 2% MVCIs).

In order to comput®, the equation was fitted to the mean firing rateves, given the already
calculated values fak,, A, and t Similarly to the previous data analysis, the tioomistant of
firing rate increase was plotted as a function exfruitment threshold, and a linear regression
analysis was performed. A positive linear relativas found betwee® and 1, (R? = 0.43,
p<0.0001 for the FDI muscle;’R= 0.29, p<0.0001 for the VL muscle in the 10% MVC/s
contractions; R= 0.32, p<0.0001 for the FDI muscle? R0.21, p<0.0001 for the VL muscle in
the 4% MVC/s contractions;’R 0.25, p<0.0001 for the FDI muscle?R0.21, p<0.0001 for the

VL muscle in the 2% MVC/s contractions). (See Tdbland Figure 16.)
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Figure 16: Experimental data: FDI and VL. The time constant of the exponential functiorat tvere
fitted to the curves are plotted versus the reereiit threshold of the motor units. In A, B and @ thean
firing rates were plotted as a function of timepDinE and F they were plotted as a function ofdoithe left-
hand side column contains data from the fasterraotibns (ramp up at 10% MVC/s), the middles column
shows data from the intermediate contractions (ram@at 4% MVC/s), while the right hand side columns
contains data from the slower contractions (ramptg? MVC/s).
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The same equation was fitted to the mean firing catrves plotted as a function of force, where
the variable t was replace lpythe output force, and the time of recruitmentvds replaced by the
recruitment forcer,. Again, a linear relation exists betwe@mndt, (R*= 0.38, p<0.0001 for the
FDI muscle; B= 0.22, p<0.0001 for the VL muscle in the 10% MVEfstractions; R= 0.37,
p<0.0001 for the FDI muscle; ’R= 0.15, p<0.0001 for the VL muscle in the 4% MVC/s
contractions; R= 0.21, p<0.0001 for the FDI muscle’ R0.22, p<0.0001 for the VL muscle in
the 2% MVC/s contractions). (See Table Il and FigWi6.) The equation was able to adequately
fit the mean firing rate curves (the’ Ralues of the fit was always greater than 0.94 ther
contractions rising at 10% MVC/s; always greateantt0.93 for the contractions rising at 4%

MVCl/s; always greater than 0.87 for the contractiosing at 2% MVC/s).

Table 1lI: Time constant of firing rate increase: datistics. Statistics from the regression analysis on the
time constant of firing rate increase as a functbmotor unit recruitment threshold.

FDI VL
e 0 0 0

(Avs.t) (A vs.Q) (Avs. 1) (A vs.@)

Slope 2.89 36.62 1.72 22.93

10% | |ntercept 0.65 9.92 0.83 9.12
MVC/s

RZ%value 0.43 0.38 0.29 0.22

Slope 2.37 16.96 1.92 11.07

4% | Intercept 0.78 1.95 0.79 3.02
MVCl/s

R%value 0.32 0.37 0.21 0.15

Slope 2.74 7.63 3.48 8.14

2% | Intercept 1.02 2.22 0.92 1.58
MVC/s

R2-value 0.25 0.21 0.21 0.22
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Similarly to what was previously observed, the slognd intercept of the regressions were
approximately the same when comparing the resaitshie faster and slower contractions if the
mean firing rate curves were plotted as a functbtime. If they were plotted as a function of

force,0 was equivalent to that of the force slope valdgb®two contractions. An example of the

mean firing rate curves fitted with the above emumator the two muscles is presented in Figure 17
for both contraction types.

The excitation plane -- During voluntary linearly varying isometric doactions, an
association exists between the increasing musadlee fand the increasing excitation to the
motoneuron pool. In the absence of excitation (adized excitationE = 0, equal to 0% of
maximal excitation), there are no active motorsiaitd no force is produced (normalized fogece
0, equal to 0% of maximal force output). As theittion increases, motor units are recruited and
increase their firing rates. Consequently, the domutput increases. The maximal level of
excitation (normalized excitatida = 1, equal to 100% of maximal excitation) can lbgught of as
the excitation required in order to exert the maatiforce output (normalized forage= 1, equal to
100% of maximal force output). Thus, the motor dinihg rate behavior as a function of force can
be thought of as the behavior as a function oftation.

In this study, we showed that the range of thendiniates of all motor units is bounded
from an initial value to a maximal value, when theitation goes from zero to maximal level, and
that this range is muscle dependent. We showedttbdhcrease of the motor unit firing rates can
be suitably described by an exponential functiohgse time constant is greater for later recruited
motor units. Furthermore, the rate of increasenefrhean firing rates appeared to be independent
of the slope of the force trajectory, and thus ¢oifdependent of the excitation received by the
motoneuron pool. This result suggests that eaclormgtit has a characteristic rate of rise, and
that, regardless of the excitation received, onde activated above its recruitment threshold, it
will start increasing its firing rate with a charagstic time constant and it will continue incrigas

as long as the excitation is provided. We introduae exponential equation which models the
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excitation-firing rate relation, together with thistributions of firing rates at recruitment, magim

firing rates, and time constant of firing rate ease.
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Figure 17: Results of the fit. The mean firing rate were fitted with the exponantunction and the time
constant of the exponential rise was computed.
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If the equation is used to estimate the firing rat&ll the motor units in a motor unit pool as a
function of increasing excitation, from zero to nmaxm excitation, we obtain the “excitation
plane” which spans the entire firing rate rangeefach motor unit. The excitation plane was drawn
for the muscles analyzed in this study for a catitba increasing at a rate of 10% MVC/s using
the experimentally obtained distributions (see &4dW) for the firing rates at recruitment, maximal

firing rates, and time constant of firing rate iease. (See Figure 18.)

Table 1V: Equation modeling the Excitation Plane.Modeled distributions of firing rates at recruitmhen
maximal firing rate, and time constants of firirejes increase for the two muscles of the studgpresents
the motor unit number).

First Dorsal Interosseous Vastus Lateralis
Firing rate N . N .
at recruitment A-() = —11.20 *= t.(i) + 10.56 A() = —5.69 = t.(i) + 9.32
Maximal N . N _ .
firing rate An () = —39.61 * 1,.(i) + 30.44 An() = —26.74 = 1.(i) + 28.26
Time constant 0(i) = 36.62 * 1.(i) +9.92 0(1) = 22.93 * t.(i) + 9.12
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Figure 18: Excitation plane.Excitation plane drawn for the two muscles of thelg for contractions where
the force is increased at a rate of 10% MVC/s. Nbéd, for the VL muscle, only half of the motoritsn

were displayed.
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The number of motor unitdNj was set to 120 for the FDI muscle (Feinsteinl.etl®55),
and to 600 in the VL muscle (data derived fromrinetus femoris muscle, Christensen, 1959). A
range of recruitment threshold was assigned to eadtle: 0-60% MVC for the FDI muscle, O-
80% MVC for the VL muscle; and the recruitment gireld was assumed to have an exponential
distribution (Fuglevand et al., 1993). These exidtaplanes, drawn for contractions increasing at
a rate of 10% MVC/s for the FDI and the VL muscled] be used in the next chapter for the

simulation of muscle force.

Discussion

Firing rate behavior has been studied extensii®ih in animals and in human subjects.
Discrepancies still exist on the ranges and digtidns of firing rates at recruitment and at
maximal force levels, and on the way they adapthanges in the excitation received by the
motoneuron pool.

In this study, we were able to detect a large remdd motor units from two
different muscles via a newly developed decompmsitiechnique applicable to surface EMG
signals and we were able to observe the firinglsatevior over the entire force range.

The ranges of the recruitment threshold differedtfe two muscles, and results were
consistent with previously reported values. In thBI muscle, motor units were recruited
approximately up to 60% MVC, as previously reportgdother investigators (Freund et al., 1975
(0 - 58% MVC); Thomas et al., 1986 (0 - 54% MVC)arden et al., 1995 (0 - 60% MVC)). A
wider range of recruitment was found for the VL eiaqup to 80% MVC).

Firing rates at recruitment had slightly wider rasdhan what previously reported in the
literature. In the FDI muscle, the range was 4 pp4 (8.4 = 1.3 pps was the mean * standard
deviation observed by Milner-Brown et al., 1973 8.2.2 pps by De Luca et al., 1982; 4 - 10 pps
(6.5 £ 13.6 pps) was the range observed by Duchated Hainaut, 1990). For the VL muscle, the
range observed was 4 - 13 pps. Firing rates atite@nt have often been associated to the time
course of the after-hyperpolarization (AHP), sottlearlier recruited motor units, which are

characterized by slower AHP, also display lower imimm firing rates (Kernell, 1965c). This
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finding was in agreement with those of Erim et(4096, 1999), Moritz et al. (2005), and Clamann
(1970), who observed a positive linear relationMeetn recruitment threshold and initial firing
rate. In this study, a significant negative lineglation was found between initial firing rates and
recruitment threshold. It should be noted thatedéhces in the range and distribution might derive
from the difficulty in accurately detecting thedfirfirings of a motor unit action potential train.
Furthermore, results are highly dependent on thdadeemployed to estimate the initial firing rate
value: in this study, it was computed as the invesEthe average of the first three interpulse
intervals.

The maximal firing rates ranged from 7 to 35 ppshi@ FDI muscle. A range of 17 - 47
pps (*) was reported by Duchateau and Hainaut (1988 - 50 pps (*) by Bigland-Ritchie et al.
(1992); 23 - 92 pps (*) by Kamen et al. (1995); -164 (*) by Seki et al. (2005); all during
maximal voluntary contractions. (*) indicates thalues were visually derived from plots. Our
data suggest that the maximal firing rates varyr @vemaller interval in the VL muscle (5 - 30
pps), whereas a range of 12 - 40 pps has beentedpby Woods et al. (1987). A significant
negative linear relation was observed between malxiimng rates and recruitment threshold, so
that the “onion skin” phenomen (De Luca et al., 288also holds at maximal force levels. A
slightly negative correlation has been previouslynd in the FDI muscle, but not in the deltoid
muscle by De Luca et al. (1982a). Tanji and Ka®/@) and Monster and Chan (1977) also found
that some earlier recruited motor units reachedhdrignaximal firing rates. In contrast, when
approaching the highest force levels, firing reesded to converge to similar values in the TA
muscle (De Luca and Erim, 1994; Erim et al., 1998pritz et al. (2005) reported that high-
threshold motor units reach higher peak firingsdten low-threshold motor units, as did Kosarov
and Gydikov (1976). Again, differences might arfsem the difficulty in accurately tracking
motor unit firings at maximal force levels, duemimvement of the electrode to or a higher degree
of action potential superposition.

Kernell (1965a, b) studied the relation betweenstinength of the stimulus current and the
firing rate in cat motoneurons, and suggested timatfiring rate behavior can be considered a

linear function of the current over a certain raiftjee primary range”, which goes to the initial
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firing rates up to an average firing rate of 51)pp¥ith a further increase in the stimulus current,
only some motoneurons were able to fire even fasteéhe so called “secondary range”, and again
the relation between current and firing rate wasdr but with a steeper slope. Gydikov and
Kosarov, 1974, and Monster and Chan, 1977, alsereéd that low threshold motor units tended
to saturate as muscle force is increased in thepbidrachii and in the extensor digitorum
communis muscles. Our data indicate that firing ta¢havior is independent of the contraction
type, suggesting that, once they are recruitednator units increase their firing rates following

their own characteristic rate of rise up to a matiffiring rate value which depends on the
excitation received. Finally, firing rate behavaan be modeled with a simple exponential function
with different time constants of firing rate inceegfor each motor unit.

We can thus define an excitation plane, that dessrthe relation between the common
excitation received by the entire motoneuron poul the different electrical responses of each
motor unit in the pool. The contours of the plaaepamong muscles, since different muscles will
present diverse control properties of motor usitssh as different ranges of recruitment thresholds

and of initial or maximal firing rates.
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CHAPTER 5

MODEL OF MUSCLE FORCE GENERATION

Introduction

Muscle force is the mechanical response of the ladgiers to the excitation received by
the motoneuron. The muscle twitch is the respoasg single stimulus of the motor unit (MU).
The force is modulated by the increasing or deangabe activation of the motor units within a
muscle, which is accompanied by a modulation offifieg rates and recruitment of the motor
units. As the firing rates of the MUs increase, fbece from individual twitches summate to
produce a prolonged contraction, this is commoefgmred as tetanization. The objective of this
work is to develop a muscle force model capablexpiaining how the Central Nervous System
and the Peripheral Nervous System control mototsuto produce force. The model is a
continuation of the work of Adam (2003) and wasinted to improve upon a previous model
(Erim and Aghera, 2001) by incorporating recendifigs on the firing rate generation process (see
Chapter 4); time-dependent changes in motor uniclwparameters; and a feedback loop that
enables the simulation of force production durihg performance of constant force isometric
contractions, which require the subject to followradetermined force trajectory. The model was
used to simulate sustained constant-force contrasin the first dorsal interosseous (FDI) and the

vastus lateralis (VL) muscles.

Methods

Modd Layout
The model is based on the concept of the commae @Be Luca et al., 1982a; De Luca
and Erim, 1994) and the onion skin phenomenon (Dealand Erim, 1994). The common drive
states that all the motoneurons in a pool receigeramon excitatory signal that modulates the
firing rate of the motor units in unison. This commexcitation determines the number of active

motor units and their firing rates. The onion sghrenomenon states that firing rate of motor units

57



are inversely related to their recruitment thredhdlhe electrical behavior of the motor units is
then translated into force, given the mechanicaratteristics of the individual motor units.
Finally, the compound muscle force is obtainedhaslinear summation of the forces generated by
each active motor unit. If the output force is kepthstant, such as in a constant-force tracking
task, the error between the output force and ttyetdorce is fed back to the input of the model to
adequately modify the excitation signal. The layotithe model is depicted in Figure 19. The
basic building blocks are: (1) the “excitation marmlock, which represents the relation between
the common excitation received by the motoneuronl pad the electrical response of the motor
units (number of active motor units and their firimates); (2) the “force twitch” block, which
translates the electrical behavior of the mototsumto their mechanical response; and (3) the
“feedback loop” block, which modifies the inputsé& in order to maintain the output force at a
set constant level. Intermediate steps are intrediuo faithfully model the force production
process, such as the generation of the motor mapitilise trains; the introduction of noise and of a
common oscillatory behavior in the firing rates af active motor units; the time-dependent
changes in the force twitches; the introductiom gfain to account for the non-linear summation of
twitches; and the summation over time of the irdiial twitches to obtain the output motor unit
force. All the intermediate steps will be describadthe corresponding major building block

paragraph.

I nput
The input to the system is an excitation sigidlqommon to all motor units, which represents the
excitation required to attain a certain force leMeuring voluntary linearly-varying isometric
contractions, an association exists between theeasing muscle force and the increasing
excitation to the motoneuron pool. In the abserieoitation (normalized excitatiol = 0, equal
to 0% of maximal excitation), there are no activaan units and no force is produced (normalized
force ¢ = 0, equal to 0% of maximal force output). If thecitation is increased, more and more
motor units are recruited, the firing rates of mataits increase, and the force output increases.

The maximal level of excitation (normalized exdaatE = 1) can be thought of as the excitation
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required in order to exert the maximal force outfndrmalized forcep = 1, equal to 100% of

maximal force output).

Net Excitation Excitation Plane ForceTwitch Plane Output
Motoneuron pool (Muscledependent) (Muscle dependent) Force
time
dependent

QO [ Rr=®

Impulse train Diminution
4} u Target Force
Firing rate
Firing noise dependent gain
factor
Common drive | MU Force —

Figure 19: Model block diagram. The input to the muscle force model is the comragraitation to the
motoneuron pool, and the output is the muscle fofée basic building blocks are the “excitationnga
block and the “force twitch plane” block, which nedhe electrical and mechanical response of th®&mo
units to the input signal; and the feedback lotyat tenables the simulation of prolonged constartefo
contractions.

Excitation Plane block

The excitation plane block translates the commasit&bory signal received by all motor
units into their individual electrical responseatths, into their different firing rate values.
Experiments on anesthetized cats have shown ar lirdationship between the steady state
injected current and the firing rate of motoneur@srnell 1965a, b). We showed in Chapter 4
that the range of firing rates of all motor unissbiounded from an initial value and a maximal
value, when the excitation goes from zero to makiteael; and that this range is muscle
dependent. We observed that the increase in thermoit firing rates can be suitably described by
an exponential function, whose time constant islogmged for later recruited motor units.

Furthermore, we observed that the increase in tb®nmunit firing rates (time constant of the
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exponential function) is independent of the exiwtat Thus, we defined an excitation plane,
whose boundaries are given by the initial and makifning rates, for which holds (see Chapter

4):

lr+(Mn—AJ*(1—e@%%)
The dependent variables in this equation are:dgbriitment threshold of motor units the firing
rate recruitmentA,, the maximal firing rate\,, and the time constant of firing rate increése
These variables will assume different values ifedént muscles, and thus the excitation plane will
be unique for each muscle.

It has already been demonstrated that motor uretsegruited in order of increasing size
and excitability (Henneman, 1957). Smaller, lowenduction velocity, and higher-input
resistance motor units are recruited earlier thagelr, faster-conduction velocity, and lower-input
resistance motor units, which are subsequentlyatetil as the excitation to the motoneuron pool
increases. It is also known that different muscéee characterized by diverse ranges of
recruitment: the motor units of smaller, distal kias, such as FDI muscle, tend to be recruited in
the force range up to 50% maximal voluntary conioac(MVC); whereas larger, more proximal
muscles, such as the deltoid muscle, recruit timator units up to 80% MVC (De Luca et al.,
1982a). The model was simulated for two differensoles: the FDI and the VL muscles. The FDI
was assigned the recruitment range 0-50% MVC (Dealet al., 1982a, 1996; Thomas et al.,
1986; own observations (see Chapter 4)); the VL assgned the range 0-80% MVC (own
observation, see Chapter 4). Finally, the distidsubf motor units within the recruitment range
has been reported to be skewed such that the leskbld motor units greatly outnumber the
high-threshold motor units (Duchateau and Haind®90; Milner-Brown et al., 1973). Following
the work of Fuglevand et al. (1993) the distribataf recruitment threshold was thus modeled as

an exponential of the form:

7.()) = e
_log (RR)
TN
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wheret, is the recruitment threshold ang the motor unit number. The coefficientvas used to
establish a range of recruitment thresholds RRds the recruitment rang@l refers to the total
number of motor units in the pool, and it was s€t20 for the FDI muscle (Feinstein et al., 1955),
and to 600 in the VL muscle (data derived fromrénetus femoris muscle, Christensen, 1959). The
histogram and distribution of the calculated reionent thresholds for the FDI and VL muscles are

reported in Figure 20.
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Figure 20: Recruitment Threshold. Histogram of the recruitment thresholds of the anatnits in the
model of the FDI motor unit pool (A) and of the Whotor unit pool (B). The total number of units is™N20
and N=600, the range of recruitment threshold is=6R and RR=80 for the FDI and VL muscle
respectively.

Contrasting reports may be found in the literatveut the distribution of the firing rates
at recruitment and of the maximal firing rates. ésgive linear relation or no correlation between
recruitment threshold and firing rates at recruittiigas been observed in previous studies (Milner-
Brown et al., 1973; Erim et al., 1996, 1999). Maairfiring rates have also been reported either to
be higher for earlier recruited motor units (De &t al., 1982a), or to be higher for later reenbit
motor units (Kosarov and Gydikov, 1976; Moritz &f A005), or to converge to similar values (De
Luca and Erim, 1994; Erim et al., 1996). We obsene negative linear relation between
recruitment threshold and boM andA, (see Chapter 4), and we introduced this relatiothe
model to obtain the distribution of firing rates racruitment and of maximal firing rates. (See
equations in Table V.)

The time constant of the firing rate incre@seas also set for each motor unit based on the

results presented in Chapter 4. We fitted the nfieizig curve with a simple exponential function

61



and we computed the time constant of the incredsefound a negative linear relation between
the time constant and the recruitment thresholth@imotor units. The negative linear relation was
employed in the model so that earlier recruitedanonits were characterized by a much faster
increase in their firing rates compared to lateruiged motor units. (Equations are reported in
Table V.) All distributions were derived from thaadysis of contractions increasing up to almost
maximal force level at a rate of 10% MVC/s. (Sea@br 4.)

A plot of the excitation plane derived for both thBIl and the VL muscle is shown in

Figure 21.
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Figure 21: Excitation Plane.The modeled excitation planes for the FDI muscid the VL muscle are
presented.

Table V: Excitation Plane equation.Modeled distributions of the firing rate at re¢naént, maximal firing
rate, and time constant of firing rates increasete two muscles of the study for a 10% MVC/s caction.
i=1:120 in the FDI musclg=1:600 in the VL muscle, and it represents the matut number., is the
modeled recruitment threshold for each motor unit.

First Dorsal Interosseous Vastus Lateralis
Firing rate . . . .
At recr%itmem A(D) = —11.20 * t,(i) + 10.56 A(D) = —5.69 * 1,.(i) + 9.32
Maximal . . . .
firing rate Am() = —39.61 * t.(i) + 30.44 Am() = —26.74 * t.(i) + 28.26
Time constant 0(i) = 36.62 * 1,.(i) +9.92 0(i) = 2293 *1.(1) +9.12
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Impulse train generator -- The firing rate value of each motor unit isngformed into an
impulse train by using the Integral Pulse Frequéviogulation (IPFM) method, which produces a
spike train with a frequency equal to the numeriedle of the firing rate input. This process is
performed by integrating the signal input over tiamed generating an impulse every time the
threshold value 1 is reached. At this point, titegnator resets back to zero and the process starts
again. Simulated impulse trains for the first (MWU) #nd the last (MU #91) recruited motor units
during a 20% MVC contraction sustained for 10 thenFDI muscle are shown in Figure 22A.

Noisein the impulse train -- The inter-pulse interval (IPI) between two adjat firings of
a motor unit can be regarded as a random varidbdelLca and Forrest, 1973). Moritz et al.
(2005) computed the coefficient of variation (CM) tbe firing rates at different force levels
ranging from 2 to 95% MVC in the FDI muscle. The @¥creased exponentially as the force
increased above recruitment threshold for each maeioit and, after recruitment, was
approximately constant with force for all motor tsnat a mean value of 19.8 + 2.5%. Other
authors as well showed that the mean and stanéardtidn (SD) of the IPIs are related so that the
CV of the IPIs has an approximately constant vdtweall motor units that ranges between 10%
and 30% (Clamann, 1969; Nordstrom et al., 1992;é¥lald et al., 2000).

There have been contrasting reports on the chaofgisng rate variability with fatigue.
Variability of the firing rate, computed as the ©¥the unfiltered IPIs, was found to increase after
a fatiguing exercise by Garland et al. (1994) ia biceps brachii muscle and by Enoka et al.
(1989) in the FDI muscle. In a previous work (Caesteet al., 2009; see also Chapter 3), we were
able to show that the coefficient of variation loé tdetrended mean firing rates remains unchanged
with fatigue in the VL muscle during intermitten®® MVC isometric contractions sustained to
exhaustion. Our results are consistent with thds#acefield et al. (2000), who observed no
systematic change in firing rate variability of teetensor hallucis longus muscle when fatigued
during a sustained MVC.

Based on these results, the firing times of eachomonit impulse was manipulated

similarly to Fuglevand et al. (1993). IPIs were gexted from a normal distribution with mean
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Figure 22: Impulse train and MU force generation.A) Impulse trains generated for the first (motaitu

#1) and last (motor unit #91) motor unit recruitharing a 20% MVC contraction. B) Impulse train with
superimposed gaussian noise at 20% mean IPl. Q)lsaprain with superimposed common drive, modeled
by a 0.8 Hz sinusoid with amplitude equal to 20%tléd mean IPIl. D) Train of pulses scaled with a

frequency dependent gain function. E) Output fofoeshe individual motor units.

equal to the inverse of the average firing rate @mtstant CV = 20%, and each firing in a motor

unit impulse train was adjusted so that:

ty =t +tu+oxZ
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where {; is the time of the j-th firing of motor unit it is the time occurrence of the preceding
firing, u is the mean firing rate of the impulse trainis the standard deviation of the IPts £
CV*u = 0.2%), and Z is the Z-score, representing how far segerd value of the IPIs deviates
from the mean of the distribution. Z-score wened@mly picked from the interval [-3.9 - 3.9], so
that the instantaneous IPIs were allowed to deviatemost four standard deviations from the
mean of the normal distribution. The effect of rois two simulated trains of pulses is displayed
in Figure 22B.

Common Drive -- It has been shown that motor units are coleriah unison, rather than
individually, indicating that the central nervougsem modulates the behavior of the entire
motoneuron pool of a muscle in the same way. Treeedf this common input to the motoneuron
pool is a common modulation in the firing rategradtor units at a frequency of approximately 0.8
Hz, a phenomenon that has been verified by seweraktigators (Miles, 1987; Stashuk and de
Bruin, 1988; De Luca et al., 1982b; De Luca andnErl994; among others). This phenomenon
can be visually illustrated by plotting the crossrelation function between motor units, which
shows a maximum at a time lag close to zero. Tuefhtions in the firing rates are translated also
in the muscle force output: the cross-correlationcfion between motor units and force usually
presents a peak at positive time lags indicatirag the firing rates leads the force as is expected
due to the time required to build up the forcehia inuscle after the fibers have been activated.

Common drive was included in the model as a simiadaignal of frequency 0.8 Hz and
amplitude equal to 20% of the mean IPI, that waslus adjust the firing times of all impulses in
the motor unit trains after noise had been added. dmplitude of the sinusoid was chosen to be
equal to 20% of the mean IPI because the maximuithefcross-correlation function between
motor units (named the CDC, Common Drive Coeffitfieshowed to provide results similar to
those observed in experimental studies (CDC bet®Wezn 0.6, De Luca and Erim, 2002; Contessa
et al., 2009). (See also the results section.)effeet of the common drive on the impulse trains of

MU #1 and MU#91 (during a 20% MVC contraction) aeported in Figure 22C.
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Twitch Plane block

The twitch plane block generates the characteristitch forces of each motor unit and
thus translates the electrical behavior of the matat (impulse) into its mechanical response
(force twitch). The main parameters that are conmynased to characterize the force twitch are:
the amplitude of the twitch, defined as the valtigsgpeak; the rise time, defined as the timehio t
peak of the twitch; and the half-relaxation timénieh is the time from the peak to the point where
the amplitude is reduced to half of its maximalueal (See Figure 23.) The literature reports
consistent data on the motor unit force twitchesghbn animal and human studies. It is generally
accepted that the amplitude of the force twitchay wver a wide range, typicalty 100-fold; that
the contraction time varies over a smaller rangeo %-fold; and that earlier recruited lower-
threshold motor units produce lower-amplitude lordration force twitches (Henneman and
Olson, 1965; Burke, 1967; Milner-Brown et al., 1B7Burke et al., 1973; Monster and Chan,
1977; Calancie and Bawa, 1985).

The mechanical properties of human motor units haeen studied with mostly four
different techniques (see Chan et al., 2001, fooraprehensive review): spike-triggered averaging
(STA); intramuscular stimulation (IMS); intraneuratimulation (INS); and percutaneous
stimulation (PS). STA, first introduced by Buchthehd Schmalbruch in 1970, averages the
isometric force recorded during the identified aetpotentials from a motor unit to estimate its
contribution to the net force. A sampling bias todglow-recruitment threshold smaller-twitch
tension motor units is often introduced, since Ist@ady firing rates are necessary to enable
identification of the action potentials. This mathe also affected by twitch fusion (summation of
mechanical responses) even at very low firing radesl it can produce unreliable results if the
shape of the twitch changes over time. STA has Ibeported to underestimate contraction time
and half-relaxation time, and to overestimate pemision (Thomas et al., 1990; Kossev et al.,
1994; Elek and Dengler, 1995). IMS (first reportsdBuchthal and Schmalbruch, 1970, and later
refined by Taylor and Stephens, 1976) consistsaaknstimuli at the terminal twigs of the motor
axon that activates a whole motor unit. This metimay yield a large number of motor units and

presents no problem of twitch fusion, since thmshis rate may be precisely controlled; but it is
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susceptible to muscle movement since the stimglagiectrode is seated in the muscle. INS,
introduced by Westling et al. (1990), involves stienulation of the motor axon in the nerve trunk
with a needle electrode while using surface eléesao record action potentials. Unlike IMS, the
stimulating electrode is placed proximally in threrwe trunk, which ensures complete activation of
the motor unit. It is a more invasive technique amaly yield a lower number of motor units;
furthermore, it is only applicable to nerves withlaag superficial course that can be easily
accessed beneath the skin surface. PS, adoptezkdanple by Sica and McComas (1971) and
Doherty and Brown (1994), again involves stimulgtihe motor axon in the nerve truck but with a
bipolar surface electrode. As the INS techniqugigiids a lower number of motor units and is only
applicable to superficial and easily accessibleeser

Data regarding the shapes of the force twitcheg werived from the literature for the FDI
muscle. A summary of the results is presentederfahlowing paragraph and in Table VI. In order
to derive an accurate estimate of the motor unitctwparameters, studies employing spike-
triggered averaging were not considered. No dat® \&eailable for the VL muscle, and thus the
distributions of the parameters assumed for theridcle were used also for the VL muscle with

a minor change in the parameters, as explainedimsequent paragraph.

<>

Figure 23: Motor unit twitch. The three parameters that characterize the matibrtwitch are the peak
amplitude (P), that is the maximum value of thesiem; the twitch rise time ¢J; which is the time to reach
the maximal value; and the twitch Y% relaxation ti(fig), that is the time it takes to the amplitude to
decrease to half of its peak value P/2.

FDI twitch parameters -- The FDI muscle in humans has been studied exedgaising

either spike-triggered averaging, intramusculanstation, or intraneural stimulation.
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Regardless of the technique employed, a positivelation was always observed between
recruitment threshold and twitch tension. An expuiaé distribution of tensions was reported in
most studies, with the greatest number being inetity recruited, low-amplitude twitch tension
motor units (Milner Brown et al., 1973b; Stephemnsl &Jsherwood, 1977; Thomas et al., 1986;
Elek et al., 1992; Kossev et al., 1994; Elek anddber, 1995; McNulty et al., 2000; Gossen et al.,
2003).

Results on the distributions of rise times and-hallixation times are more sensitive to the
technique employed. Rise times and half-relaxatiomes vary over a smaller range when
compared to twitch tensions (Milner-Brown et aB,73b; Stephens and Usherwood, 1977), and
display a unimodal distribution (Young and Meye®81; Elek et al.; 1992; Elek and Dengler,
1995; McNulty et al., 2000; Gossen et al., 2003)wever, when STA is used, a linear relation
between peak tension and the time parameters dbtbe twitch has been observed, for example
by Thomas et al. (1986). In contrast, no corretatoreported when either IMS or INS are used. In
general, fast twitch motor units have large twiiehsions, but there are also many motor units with
small twitch tensions and fast rise times (Yound &eyer, 1981; Elek et al.; 1992; Elek and
Dengler, 1995; McNulty et al., 2000; Gossen et2003). A correlation between twitch rise times
and half relaxation times has also been reporték @& al., 1992; McNulty et al., 2000).

Based on these results, we did not consider stediggoying STA to obtain the values for
the mean and standard deviation of the distribstmfrthe force model.

In all studies, the range of twitch tensions isteuiroad (on average 130-fold) and the
distribution is skewed toward a greater numbepwfforce motor units (Elek et al., 1992, reported
that approximately 70% of motor units have tensign$4-fold). Furthermore, earlier recruited
motor units tend to produce less force than laeruited motor units. An exponential distribution

was thus chosen for modeling the peak twitch terss{eimilarly to Fuglevand et al., 1993):

P(i) = e
log (RP)
b= N

68



whereN is the number of motor units in the pd@R is the range of peak twitch forces (set to 130,
so that if 1 force unit corresponds to the firsit wecruited, 130 force units is the force of thstl
recruited motor unit). Twitch rise times have ori@ge a smaller range than peak forces (4-fold)
and vary between 30-125 ms. They present an unindidfibution skewed towards low rise
times, with 89% of motor units having rise timesween 45-85 ms (Young and Meyer, 1981),
with an average of 65 + 16 ms. Thus, lower forcdamanits tend to cover most of the range of
rise times. The distribution of rise times was gatedl from a Weibull distribution with mean 65
ms and standard deviation 16 ms. The parameterthéodistribution that matched these values

werek = 39.50,4 = 2.32,a = 30:

X — a]k‘l (_%)k
e
B

P9 =5

Half-relaxation times are correlated to rise tinjE&ek et al., 1992) and have a slightly broader
range of values (5.5-fold, range 20-117, averagan@3 + 20 ms). Again, the distribution for
half-relaxation times was modeled as a Weibullriigtion with a mean of 60 ms and standard
deviation of 20 ms. The parameters for the distraouthat matched these values wkre45.16,5
=2.23,a =2 0. A plot of the distributions for all threerpeneters is showed in Figure 24.

VL twitch parameters -- While estimates of motor unit twitches in humdresse been
described for distal limb muscles including the Fd such data are available for the VL. We had
some information on the mechanical characterigifche whole muscle twitch from previously
performed experiments. The twitch and the tetaesponse to 50 Hz electrical stimulation of the
VL muscle were recorded in a previous study (seami@nd De Luca, 2005, for details). The
whole muscle twitch from three subjects had anagerise time of 90 ms and an average half-
relaxation time of 60 ms. We assumed that the Vi tre FDI were characterized by the same
distribution for the parameters: that is, exporarftr the peak twitch forces and weibull for the

both the rise time and the half-relaxation time.
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Table VI: Motor unit twitch parameters. Data on the peak twitch force, twitch rise timalftielaxation
time, and twitch duration are presented for sevezabrding techniques. Data are presented as mean *
standard deviation, range and median.

Author Groups Peak force Rise time % Rel time Duration Method
(year) (mN) (ms) (ms) (ms)
Subject 1 14+16 51.5+12.6 42.8+10.3
Milner-Brown et Subject 2 13+14 55.6£11.4 44.9+14.6 STA
al. (1973a) Subject 3 23428 59.1+16.9 40.5+7.7
30-100
Stephens and
Ushe. 13 subjects 1.8-300 32-122 STA
(1977)
Subject1 | 3-149 (36) | 48-81 (65)
Thomas et al. Subject 2 3-215 (64) | 40-99 (69) STA
(1986) Subject 3 5-102 (36) | 44-84 (65)
Subject 4 4-101 (31) | 65-89 (77)
17.7+19.8 47.3+12.8 33.9+10.3
Kossev et al. )
12 subjects 0.2-105 20-90 14-75 STA
(1994)
10.3 44.8 33.6
RT<25% 24.6+4.7 43.8+2.1 35.3+4
Carpentier et al. 1-124 25-78 10-70 STA
(2001) RT>25% 56.2+10 52.5+#3.1 43.2+4.8
9-158 32-75 22-58
Gossen et al. ) 15+15 5748 4548
8 subjects STA
(2003) 1-75 42-76 33-59
Young and Meyer . 35148 65+18
20 subjects IMS
(1981) 2.14-430 34-140
Elek 16+18.7 63115 61+17
e
20 subjects 1-137 30-110 20-105 IMS
(1992)
10.3 62 58
14.9+16.3 63.1+14.7 60.4+16.4
Kossev et al. )
20 subjects 1-140 30-135 24-130 IMS
(1994)
9.6 61.7 n57.5
Elek and Dengler . 14+15 64+14 61+16
25 subjects IMS
(1995) 9 63 59
70.2+6.5
70.3#5.0
McNulty et al. . 20-115.9
22 subjects 2.2-72.8 32-111.3 101.3-468.8| INS
(2000)
14.7 183.8
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Force twitches for all motor units were generatsihg different combinations of values
for the parameters characterizing the distributbpeak force, rise time and half-relaxation time.
The force twitches were then summed to obtain thelevmuscle twitch. The values that resulted
in the closest fit for the experimentally obserwedlies of rise time and half-relaxation time were

chosen to model the VL force twitches.
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Figure 24: Force twitch parameters.The distribution for the force twitch parameters ahown for both
the FDI (left-hand side) and the VL muscle (rigll side). A) and B) peak tension; C) and D) iiset E)
and F) half-relaxation time.
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A lower range of peak tensions was found (105-fold)ereas the parameters chosen to
model the distribution of the time parameters wered7,4 = 3.18,0 =32 for the rise time, arld=
69, = 2.05,a =21 for the half-relaxation time. A plot of thesttibutions for all three parameters
is showed in Figure 24.

Motor unit force twitch equation -- The shape of the motor unit has previously been
modeled as the response of a critically dampednskoader filter (Fuglevand et al., 1993). This
choice was motivated by earlier work on the freqyam®sponse on the cat hindlimb muscle (Stein
et al., 1972; Mannard and Stein, 1973), and thecagh was then confirmed in the human FDI
(Miner-Brown et al., 1973a, c). Using this methde ttwitch half-relaxation time would be
approximately 70% longer than the twitch rise tiivdlner-Brown et al., 1973c). Experimentally
observed data, though, show that the half-relanatines are overestimated, since they are in the
same range of the rise times or even shorter (seeHerbert and Gandevia, 1999). A different
equation was thus chosen (Raikova and Aladjov, RaBat enables to independently set not only
the twitch peak tension and the rise time, but tischalf-relaxation time:

f(t) = ptmekt

where

p= Pe—kTr(logTr-l)

m = KT,

log2
k = o8

T
Thr - Tr - Trlog (TL:

wheref(t) is the time dependent force twitch, P is tlealptension, [Tis the twitch rise time, and
Ty is the twitch half-relaxation time.,Tin this equation is the time from the start of hedcal
activity to the time where motor unit force decesato half peak value. A plot of the motor unit
force twitches modeled by these equation and tbgeabbtain distributions for the parameters are

reported in Figure 25.
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Figure 25: Motor unit twitches. Motor unit twitch forces modeled for both the F\) and for the VL (B)
muscles are displayed. Note that all motor uniésstrown for the FDI, whereas only 100 motor unitsaf
600 (1 every 6) are shown for the VL for clarity.

Time dependent changes in the force twitch -- The motor unit twitch force is known to
change with time during a sustained contraction.o Tghenomena have been reported: the
potentiation of the motor unit twitch at the begngn of the contraction, followed by the
diminution of the motor unit twitch as fatigue pregses (Burke 1981; Vandervoort et al. 1983;
Dolmage and Cafarelli 1991; Macintosh et al. 199%png others). Potentiation is associated with
an increase in the amplitude of the motor unit dotwitch, and thus with an increased force
generation capacity. De Luca (1979), De Luca et(H#96), and Adam and De Luca (2005)
suggested that potentiation may be the cause éooltserved decay in the firing rates of all motor
units during the first 30-40 s of a contractionttllamaintained at a constant force. In contrast,
fatigue is accompanied by a decreased force geémereapacity, and thus the motor unit twitch
amplitude decreases. An association between tlseofoBorce production and the increase in the
firing rates during prolonged isometric contractidras been recently suggested by Adam and De
Luca (2005): firing rates of motor units adapt tueteract the changes in the force produced by
the muscle fibers during a sustained contraction.

While studies agree on the modifications in the lgoge of the twitch with potentiation
and fatigue, the situation is less clear when ctmisig the time parameters of the twitch, both the

rise time and the half-relaxation time: severahatg report that the parameters becomes either
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slower, or faster, or do not change. Nordstrom Blilds (1990) followed the twitches of single
motor units in the human masseter muscle using 3T Ahat study motor units displayed three
main patterns: an initial increase in twitch ampl# (with the maximum reached at different
times) followed by a slight decrease or no chamgegntinuous decrease; and a rapid decrease in
the first 3 min that remained constant for the oéghe task. No relation between fatigability and
initial peak tension or initial rise time was obsst. In contrast, Thomas et al. (1991a) observed
changes in twitches of thenar human motor unith WS when fatigued with a standard test (a
330 ms duration train of pulses at 40 Hz every sédor 2 min). The motor units with the largest
peak force before the fatigue test decreased pleaik force and increased their rise time, but their
relaxation rates tended to increase. Some motds poientiated after the fatigue test, decreased
their rise time and their relaxation rates. In ‘Bagll and Table VIII, motor units from this study
are classified into 3 groups: motor units with ®toss (FI<0.75) and slowing (*2 RT FI>1); motor
units with little force loss (Fi0.75) and slowing (%2 RT FI>1); motor units withtlétforce loss
(FI>0.75) and no slowing (¥2 RT €£1). INS was used also by Fuglevand et al. (199%via
muscles of the hand: motor units potentiated &ftérs of tetanic stimulation and decreased their
peak twitch force after the commonly used fatigest {a 330 ms duration train of pulses at 40 Hz
every second for 2 min). Motor units with the highmitial tensions tended to display the greatest
decrease. The time course tended to get sloweit, Wwat not related to initial peak force or fatgu
index. The contractile properties of individual mounits in the FDI muscle were studied also by
Carpentier et al. (2001) with the STA method, befand after fatiguing intermittent isometric
contractions sustained at 50% MVC and repeatetidcendurance limit. The mean twitch force
increased with fatigue for low-threshold motor anfRT<25% MVC), whereas the twitch force
decreased for high threshold (>25% MVC) motor uni@hanges in the amplitude were
accompanied by changes in the rise time but ndhénhalf-relaxation time: motor units that
decreased their peak force also decreased theitimis.

Many studies followed the changes in time of the@Mhmuscle twitch, instead of those of
individual motor units, during sustained voluntasgmetric contractions. Bigland-Ritchie et al.

(1983) analyzed the twitch response of the human@dr pollicis muscle before,during and after
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Table VII: Potentiation data. Data on the peak twitch force, twitch rise timaJftielaxation time, and

twitch duration are presented for several recordechniques. Data are presented as mean * standard

deviation and range.

Peak force Rise time | % Rel time )
Author Muscle Task Technique
(mN) (ms) (ms)
Bigland-Ritchie et | Adductor | Initial value 59.946.7 whole
al. (1983) pollicis | -5s MVC + 25-30% 56.8+5.9 47.3£4.9 twitch
Initial value 17.8+5.5 133+7.6 114+426.3
Vandervoort et al.
Plantar | -1s MVC +4+13% whole
(1983) _
_ flexor | -10s MVC 25.5+7.2 117457 95+22.9 twitch
-peak force in Nm-
+45+17%
Initial value 1.7+1 93+16.4 99+31.5
Vandervoort et al. o
(1983) Tibialis | -1s MVC +43+36% whole
. anterior | -10s MVC 3.5£1.3 83+19.2 69+11.9 twitch
-peak force in Nm-
+142+102%
Initial value 2048 (mN) 4948 60£12
1) stimulation 3146 54+10 8919
Thomas et al. Initial value 1045 4747 57+13
thenar ) ) INS
(19914a) 2) stimulation 2047 5316 70£14
Initial value 7+2 54+13 71423
3) stimulation 943 54+13 63£19
Initial value 3143 41.443 50.945.7
-30% MVC ~ 11094 ~78% ~ 85%
Vollestand et al. N
(1997) Knee Initial value 35+2 38.5+0.7 61.2+9.8 whole
) extensors| -45% MVC ~120% ~ 80% ~110% twitch
-peak force in N- N
Initial value 35+4 40.942.2 53.94+5.5
-60% MVC ~ 135% ~ 80% ~ 120%
Fuglevand etal. | Hand | -3.1stetanic +29+3.7%
(1999) muscles | Stim
Initial value
-6s 30% MVC 2949
65 20% 35491 unchanged unchanged
Klein et al. Triceps | MVC . 9 9 whole
o 3249 unchanged unchanged .
(2001) brachii | -t6s 10% N twitch
MVC 3049 unchanged unchanged
455 75% 142.9426.7% | 98.2+10.3| 89+11.8%
MVC
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Table VIII: Fatigue data. Data on the peak twitch force, twitch rise timalffielaxation time, and twitch
duration are presented for several recording teglas. Data are presented as mean * standard de\datil

range.
Peak force | Risetime | % Reltime )
Author Muscle Task Technique
(mN) (ms) (ms)
Bigland-Ritchie et B
I Adductor | Initial value 56.8+5.9 47.3+¥4.9 whole
al.
pollicis -60s MVC -29.6+14% 54.1+9.1 65.1+8 twitch
(1983)
Potentiated | +142+102%
Vandervoort et al. Tibialis whole
) -30s MVC ~+70+£30% ]
(1983) anterior twitch
-60s MVC ~-15+30%
Potentiated +45x17%
Vandervoort et al. Plantar whole
-10s MVC ~+45x17% _
(1983) flexor twitch
-60s MVC ~+25+15%
Thomas et al. _ ) 0.49+0.17 1.22+0.23 | 1.07+0.29
1)stimulation
(1991a) Thenar . ) 1.05+0.32 1.08+0.14 | 1.22+0.25 INS
) 2)stimulation
-Fatigue Index- ) ) 1.43+0.42 1.09+0.14 | 1.18+0.40
3)stimulation
) Initial value 93+24.22 78+22.87
Binder MacLeod
) -8s 60Hz -50% 77+22.85 | 1234+50.34 whole
and McDermond | Quadriceps| . )
(1093) Initial value 73+17.35 90+30.79 twitch
-8s MVC -30% 71+12.21 89+42.65
Initial value 3143 41.443 50.945.7
-30% MVC ~ 75% unchanged ~ 60%
Vollestand et al. Knee Initial value 35+2 38.5+0.7 61.2+9.8 whole
(1997) extensors | -45% MVC ~ 65% unchanged ~70% twitch
Initial value 3514 40.9+2.2 53.945.5
-60% MVC ~ 45% unchanged ~75%)]
1) FDI Initial value 1-124 25-78 10-70
RT<25% 24.6+4.7 43.8+2.1 35.3+4
-50%MVC 3-131 29-105 17-62
Carpentier et al 32.7t4.4 53.1+3.2 39.5+3
22001) | 2) FDI Initial value 9-158 32-72 22-58 STA
RT=25% 56.2+10 52.5+3.1 43.24+4.8
-50% MVC 7-92 30-62 28-48
31.445 42.942.4 3543
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maximal contractions sustained for 60s. Motor umitdentiated after a short MVC (5s) and
fatigued (the twitch amplitude decreased) afteatggfiing sustained MVC. Rise time remained
unchanged, whereas relaxation time increased wigntfy. Vandervoort et al. (1983) reported
greater potentiation in the tibialis anterior mastiian in the planterflexor muscle after maximal
voluntary contractions. When the MVC was sustaified more than 10 s, potentiation was
partially supressed by fatigue. Rise times and-feddfxation times tended to decrease with
potentiation, although not always significantly.nBer MacLeod and MacDermond (1993)
followed the changes in the twitch response when ghadriceps muscle was electrically and
voluntarily fatigued. In both cases the peak fodeelined. The rise time and the half-relaxation
time remained unchanged after voluntarily inducatigiie, whereas, after electrically induced
fatigue, the rise time decreased whereas the dlakation time increased. Vollestand et al. (1997)
observed the changes in twitch during isometricremtions of the knee extensors at 30%, 45%
and 60% MVC repeated to exhaustion. Force losgasad with increasing target force. An initial
potentiation was observed in the first 3 min, higivéh increasing target force. Twitch rise time
decreased in all experiments of about 20% aftefitsiecontraction (when the force potentiated),
and then remained unchanged with fatigue. Halixatlan times decreased with fatigue. For the
45% and 60% MVC contractions, half-relaxation timigially increased with potentiation before
decreasing. Klein et al. (2001) reported that thele muscle twitch of the triceps brachii muscle
potentiated after 6 s of a 30% MVC constant foroatiaction, and remained stable after the
following 20% and 10% MVC contractions. Time to keand half-relaxation time did not change.
After a conditioning contraction (5 s contractian7&% MVC) the peak force increased to 1.3-2-
fold approximately, and half-relaxation time dese® whereas rise time was still unchanged.
Changes in peak force were dependent on the ityasfdhe contraction.

This review of the literature clearly shows thdt stldies agree on the changes of the
twitch peak force over time, with an initial inceeawith potentiation and a later decrease with
fatigue. The modifications in the time parametefrshe twitch, both the rise time and the half-
relaxation time, are more debated. Results fromadraur previous studies performed on the VL

muscle (Adam and de Luca, 2005) showed that thd pe#ch force initially increased to
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approximately 1.08 of the initial value in the fid0 s of a 20% MVC isometric contraction, and

then decreased to 0.53 of the initial value ascth@ractions were repeated to exhaustion (6-10
min). Rise time and half-relaxation time appeam@ddcrease with fatigue, but not significantly.

The same study was performed on the FDI musclepulished data): peak force increased on
average up to 1.2 of the initial value in approxieha60 s, and then decreased to 0.4 of the initial
value at endurance time (around 14 min). Rise timg half-relaxation time showed a decline to

approximately 85% and 95% of the initial value, th& trend was not consistent in all subjects.

In order to introduce the time dependent changaweinotor unit force twitch into the
model, peak twitch forces of the individual motmita were adjusted with time so that the whole
muscle response simulated for a sustained cordgraati 20% MVC mimicked the experimentally
observed changes (Adam and De Luca, 2005). An exyi@h distribution of maximal peak values
was generated, since a linear relation is oftenrted between changes in the peak value and the
initial peak value, which in turn is linearly retat to recruitment threshold. An exponential
distribution was assumed also for the time to rahelpeak potentiated value. The minimum peak
value at endurance time was set to 0.2 of thalnilue for all motor units, in order to obtaireth
experimentally observed decrease in the whole rausdgtch. Again, an exponential distribution
was assumed for the time to reach the endurande fior the moment, a linear rate of increase or
decrease was modeled for all motor units. Rise @meé half-relaxation time were maintained
constant with time, since no clear trend was suggdesither by the literature or by the previous
experimental results. More detailed studies andfanulation are needed in order to more
accurately model the time dependent changes imtlsele force production capacity. Figure 26
presents the maodification in the twitches of twotanaunits active during a 20% MVC contraction
in the FDI muscle.

Firing rate dependent gain factor -- The summation of force during tetanic contraasi is
highly nonlinear and depends on the firing rateq@ and Eccles, 1930; Mannard and Stein,
1973; Bawa and Stein, 1976). The relationship betwisometric force and stimulus rate has a
well know sigmoidal shape (Bigland and Lippold, 493Rack and Westbury, 1969), which

depends on the contractile properties of the mands; but if the stimulus rate is normalized as a
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Figure 26: Time dependence of motor unit force twith: FDI. The changes in time of two motor units
(MU #20 and MU #91) active in a sustained 20% M\ddtcaction are presented.

function of the contraction time of the twitch, thieape of this force-frequency relation is similar
for all motor units (Kernell et al., 1983; Thomat at., 1991b). Furthermore, for normalized
stimulus rate lower than 0.4, the gain is almoststant and similar to that of an isolated twitch
(Burke, 1981).

We used previously collected data from both the Fidkcle and the VL muscle in order
to obtain the force-frequency relation and consetijyeghe gain of the relation for these two
muscles (Adam, 2003). The muscles were electrictifgulated at 1, 5, 10, 15, 20, 30, 50, and 100
Hz and the response was recorded. The protocobhdmnistered to 3 subjects in the VL muscle
and to 7 subjects in the FDI muscle. The experialgnbbtained force-frequency curves were
fitted to the following exponential function (Herbeand Gandevia, 1999; Studer et al., 1999;
Adam, 2003) for normalized stimulus rafgsigher than 0.4:

(0.4-fy)
y=1—r*e ¢

At normalized frequency lower than 0.4 the gain assigned a value of 1. The resulting equation
was subsequently normalized to 1 at the stimuliesaf0.4 and divided by the normalized

stimulus rate, so that the gain was evaluated imguke formula:

1, 0<fy; =4
gij = 0.4 (0'4_fnij)

—|1- fo: >4
i I
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where ¢ is the gain assigned to the j-th firing of motamitui and f; is the normalized
instantaneous firing rate/TPI; (T; is the rise time of motor unit i and |® the j-th interpulse
interval). The fitting parameters r and ¢ represéimé twitch to tetanus ratio (1-r) and the steepne
of the force-stimulation rate curve. The valuesaot#d from the experimental data and used in the
model are r = 0.87 and ¢ = 2.82 for the FDI muscte0.85 and ¢ = 2.13 for the VL muscle. The
force-frequency relation and the corresponding @airction obtained for both muscle are shown

in Figure 27.

The gain was used to scale the amplitude of ea¢brmait impulse in the train depending

on the corresponding IPI (see Figure 22D).
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Figure 27: Firing rate dependent gain factor. The force-frequency curves obtained from previpusl

performed experiment and the correspondingly gaiction is presented for the FDI (top row) and tfoe
VL (bottom row) muscles.
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Motor unit force -- For each motor unit, the internal force prodloger a train of
firings was computed by convolving the scaled imputain with the time dependent force twitch.

The force was thus given by the sum of individngbulse responses shifted in time:
Fi(t) = 2 fij(t — tj)
j

wheret; is the j-th firing time of motor unit f; is the force twitch of motor unitat the time of the
j-th firing, andF;(t) is the resulting force output. (See Figure 22E).
Output force -- The compound muscle force was then obtainedsuoymation of all

internal forces produced by the active motor ulits,
For® = ) Fi®

Lastly, the force was low-pass filtered at a cufogfjuency of 5 Hz in order to mimic the tissue

filtering effect.

Feedback Loop

The motor unit force twitches change over time assalt of potentiation first and then
fatigue. Thus, the force produced by each motor witi change and, if the force is voluntarily
maintained consequently, the excitation (inputhef tnodel) must be adjusted to compensate. In
the simulation this is achieved by comparing tbgot of the model (compound muscle force) to
the target force; the error is fed back to the infiithe error surpasses a predetermined threshold
the excitation is increased or decreased untifdhee matches the target. The feedback loop was
implemented as follow (see also Adam, 2003): tingetaforce was segmented into time intervals
of lengthd = 1 s during which all the parameters were kepstant. The length of the time step
was chosen to balance the tracking accuracy ac#litgatime. Sufficient time was provided for
the algorithm to produced trains of firings and matividual pulses, while adjusting the excitation
at a suitable rate given the time duration of thieptiation and the fatigue processes. During each
time step, the output force was simulated. Motat firing rates were computed and translated

into their corresponding impulse trains. Trains avadjusted with the noise and with the common
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drive and scaled by the firing rate dependent ¢mdtor. Internal forces were produced for each
motor unit which were summed together and filtei@abtained the compound muscle force as
described above. The compound muscle force wasratdd by the MVC force value, computed at
the beginning of the simulation when the excitatima the force production capacity are maximal
(input = 100% maximal excitation, twitch amplitudenaximal potentiated twitch amplitude). The

mean value of the output force was then compardtedarget value. If the error in tracking the

force trajectory was smaller than a fixed threshekt to 5% of the target force, the simulation
could proceed to the following time interval. Ifetherror was greater than the threshold, the
excitation value was adjusted accordingly: if theewas negative, the excitation was increased;
otherwise the excitation was decreased. The minirmamrement/decrement in excitation was set
to the smallest threshold difference in the poahotor units. This step was repeated until thererro
between output force and target force was withmit§, at which point the simulation could

proceeds to the following time interval

Results

I nfluence of Common Drive

To check the influence of common drive on the sated force and firing rates, a 30s
force trajectory at 20% MVC was simulated with difnt amplitudes of the 0.8 Hz sinusoid
superimposed on the motor unit impulse trains. &bndtches were kept constant during the 30 s
contraction. Six simulations were run and the amgé of the common drive was 0, 5%, 10%
15%, 20%, and 25% of the mean IPI. Results areepted for the FDI muscle. 10 motor units, the
first and last five motor units recruited duringetBimulated contraction, were chosen for the
computation (MU #1-5 and MU #87-91). Mean firingas were computed by low-pass filtering
the impulse trains with a unit-area Hanning windaiwi-s duration. Both the firing rates and the
force were detrended to remove the slow variatlmnéltering the signals with a high-pass filter
having a corner frequency at 0.75 Hz. The standawhtion (SD) and the coefficient of variation
(CV = SD/mean value * 100) of the firing rates &hd force were computed in the middle 20 s

interval of the simulation. The level of commonwdribetween pairs of concurrently active motor
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units was computed by calculating the cross-caiceldunction of the detrended mean firing rates
of all motor unit pairs within a contraction. Theglee of common drive was obtained by
measuring the maximum of the cross-correlation tiondn the interval of +/- 100 ms. Please see
De Luca et al. (1982b) and De Luca and Adam (1968details. In order to determine if the
common fluctuations in the mean firing rates as® akflected in the force output of the muscle,
the detrended mean firing rate of each motor umis wross-correlated with the detrended force
output. The degree of cross-correlation was detethby measuring the maximum that occurred
with a lag of 100 to 200 ms.

Results showed that the cross-correlation fundeoded to increase with the amplitude of
the common drive sinusoid. There was also a trendhie correlation value to be lower when the
cross-correlation function was computed betweelieeaecruited motor units than between later
recruited motor units. Firing rates of later retadi motor units varied over a broader range than
firing rates of earlier recruited motor units (2760.13 pps is the mean and SD of the mean firing
rates for earlier recruited motor units, 10.52 58lis the mean and SD for the later recruited motor
units). A much clearer relation was seen when ecosselating the firing rates with the force: the
maximum of the cross-correlation function increaséth the amplitude of the common drive
sinusoid. The maximum value was always higher dtertrecruited higher-amplitude force twitch
motor units. (See Table IX, Figures 28, and 30tyehd for the CV of the force to increase with
common drive was observed.

Given the noise level with a CV equal to 20% of tnean IPI value, we chose an
amplitude of the common drive sinusoid of 20% of thean IPI, since this value provided a
degree of common drive observed in previously erpantal studies (CDC between 0.2 - 0.6, De

Luca and Erim, 2002; Contessa et al., 2009).
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Table IX: Influence of common drive: FDI. The coefficient of variation (CV) of the mean ffig rates and
of the force, the degree of cross-correlation betwfiring rates (CDC), and the degree of crossetation
between firing rates and force (CDC force) were goted for 10 motor units in the FDI muscle for diffnt
values of the amplitude of the common drive sindis®he first and last five motor units recruitedair20%
MVC contraction were chosen. The mean values ofptrameters for the motor unit groups indicated in
column #1 are reported.

Mean CV

CDC=0 CDC=0.05 CD=0.1 CD =0.15 CD=0.2 GP0.25

Force 1.02 1.13 1.27 1.71 2.11 2.49

MU 1-5 3.39+0.49 4.01+0.45 3.79+0.14 3.68+0.21 3.68+0.84 .8680.27

MU 87-91 5.63+0.49 6.62+1.26 5.78+0.61 6.44+0.61 7.40£1.19 .27¥%0.44

All MUs 4.51+1.27 5.31+1.64 4.79+1.13 5.06+1.5P 5.54+2.13 .5651.83

Mean correlation value between firing rates

Ch=0 CD =0.05 Ch=0.1 CD =0.15 CD=0.2 CDO=25

MU 1-5 0.09+0.14 -0.02+0.23 0.10+0.14 0.14+0.2p 0.12+0.090.13+0.12

MU 87-91 0.03+0.17 0.05+0.14 0.10+0.18§ 0.29+0.11 0.32+0.08 .42€0.12

MU 1-5 0.024¢0.13 | 0.07+0.17| 0.09+0.18  0.16:0.17  0.19+0.13 .26£0.14
and 87-91
All MU 004014 | 0.04:0.18| 0.09+16| 0.18+0.18  0.21:0.13 760216
Mean correlation value between firing rates and fcce
CD=0 | CD=005| CD=01| CD=015 CD=02 CDO25
MU 1-5 0.08+0.04 | 0.14:0.06| 0.17+0.08  0.34+0.10  0.35+0.07 .40£0.13

MU 87-91 0.13+0.11 0.17+0.04 0.32+0.11 0.46+0.09 0.52+0.07 .64£0.06

All MU 0.11+0.08 0.15+0.05 0.24+0.12 0.40+0.11 0.43+0.11 .52€0.16

Influence of Noise

To check the influence of noise on the simulatedtdoand firing rates, a 30 s force
trajectory at 20% MVC was simulated with differ€@W¥ of the noise superimposed on the motor
unit impulse trains. Force twitches were kept camistiuring the 30 s contraction. Six simulations
were run and the
level of noise took values 0, 5%, 10% 15%, 20%, 25% of the mean IPl. 10 motor units, the

first and last five motor units recruited during tsimulated contractions, were chosen for the
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Figure 28: Influence of common drive: FDI.A), B), and C) Cross-correlation functions complutter pairs
from 10 motor units of the FDI muscle during contian simulated with increasing amplitude of the
common drive sinusoid superimposed on the impulsms D), E), and F) Cross-correlation functions
computed between 10 motor units of the FDI musetethe force during the same contractions.

computation (MU #1-5 and MU #87-91). Mean firindes were computed by low-pass filtering

the impulse trains with a Hanning window of 1-sation. Both the firing rates and the force were
detrended to remove the slow variations by filtgrthe signals with a high-pass filter having a
corner frequency at 0.75 Hz. The SD and the C\heffiring rates and the force were computed in
the middle 20 s interval of the simulation. The dexof common drive between pairs of

concurrently active motor units was computed byuwating the cross-correlation function of the
detrended mean firing rates of all motor unit pawthin a contraction. The degree of common
drive was obtained by measuring the maximum ofctless-correlation function in the interval of

+/- 100 ms. Please see De Luca et al. (1982b) antuda and Adam (1999) for details. In order
to determine if the common fluctuations in the méiaing rates are also reflected in the force
output of the muscle, the detrended mean firing ciiteach motor unit was cross-correlated with
the detrended force output. The degree of cros®lamion was determined by measuring the

maximum that occurred with a lag of 100 to 200 ms.
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Results showed that the cross-correlation fundiéowled to decrease with the increase in
the CV of the noise. There was also a trend forctireelation value to be lower when the cross-
correlation function was computed between earlegruited motor units than between later
recruited motor units. The same behavior was sd@mwross-correlating the firing rates with the
force: the maximum of the cross-correlation functaecreased with increasing noise. Again, the
maximum value was usually higher for later-recaiitéggher-amplitude force twitch motor units.
(See Table X and Figure 29 and 30.) The CV of fommained unchanged throughout all the

different simulations.

Table X: Influence of noise: FDI. The CV of the mean firing rates and of the forte, degree of cross-
correlation between firing rates (CDC), and therdegof cross-correlation between firing rates aontef
(CDC force) were computed for 10 motor units in B muscle for different values of the CV of theise.
The first and last five motor units recruited i2@% MVC contraction were chosen. The mean valugkheof
parameters for the motor unit groups indicatedoinmn #1 are reported.

Mean CV
Cv=0 CV =0.05 Cv=0.1 CVv =0.15 Cv=0.2 CVE&25
Force 1.71 1.74 1.87 1.93 2.11 2.19
MU 1-5 1.33+£0.00 1.64+0.12 2.17+0.21 3.03+0.13 3.68+0.834 .63#0.40
MU 87-91 3.52+0.38 3.77+0.34 4.95+0.34 5.74+0.59 7.40+1.19 .86%1.03
All MUs 2.42+1.18 2.71+£1.15 3.56£1.49 4.38+1.48 5.54+2.13 .24$61.85
Mean correlation value between firing rates
Cv=0 CV =0.05 Cv=0.1 CVv =0.15 Cv=0.2 CVE&25
MU 1-5 1.0040.00 0.75+0.04 0.30+0.11 0.2510.20 0.12+0.09 .09£0.11
MU 87-91 1.00+0.00 0.86+0.02 0.64+0.07 0.40+0.13 0.32+0.p8 .158£0.12
o | 1001000 | 0.80:004| 044:01] 0312000  0.19:0.13 10£0.14
All MUs 1.0040.00 0.80+0.05 0.45+0.15 0.3210.14 0.21+0.13 .11£0.13
Mean correlation value between firing rates and foce
Cv=0 CV =0.05 Cv=0.1 CVv =0.15 Cv=0.2 CVE&25
MU 1-5 0.95+0.00 0.83+0.02 0.53+0.09 0.4610.06 0.35+0.07 .23£0.03
MU 87-91 0.99+0.00 0.92+0.01 0.80+0.04 0.64+0.04 0.52+0.07 .39£0.09
All MUs 0.97+0.02 0.87+0.05 0.66+0.16 0.55+0.10 0.43+0.11 .318£0.11
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Figure 29: Influence of noise: FDI.A), B), and C) Cross-correlation functions comjputer pairs from 10
motor units of the FDI muscle during contractiomslated with increasing CV of the IPIs and a comista
level of common drive equal to 20% of the mean ). E), and F) Cross-correlation functions compgute
between 10 motor units of the FDI muscle and thegfaluring the same contractions.
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Figure 30: Influence of common drive and noise onhe CV of the firing rates and of the force: FDI.
The CV of the mean firing rates and the CV of theeé as a function of increasing amplitude of themon
drive sinusoid (A) and of increasing CV of the mo&f the IPIs (B) computed for pairs from 10 mataits
of the FDI muscle.
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Motor unit firing rates and force during repeated contractions

A prolonged contraction performed at 20% MVC wamuated with and without
feedback. In the simulation with no feedback, tkeitation was kept constant at a value equal to
20% of the maximal excitation. When feedback waslia@, the force output was kept constant at
20% MVC and the simulation was run until the focoaild no longer be sustained, since the time
dependent motor unit twitch forces were decreaag result of fatigue.

When no feedback was applied and the contractigsiaulated at a constant excitation
level, the number of active motor units and thiing rate value remained constant over time. 91
motor units out of 120 were active in the FDI masdl10 motor units out of 600 were active in the
VL muscle. The force twitches of the active motaiitsi increased in amplitude with excitation,
leading to a greater force output during the fingtute of the simulated output, and then it began
decreasing with fatigue, causing the force outputifop. We could also observe that the force
output of the VL muscle was much smoother thanfeinee output of the FDI muscle, since the
modeled force twitches had a longer duration. Kath bnuscles, force became smoother as the
simulation progressed and the force twitches becanadler in amplitude. (See Figure 31 and 32.)

When feedback was introduced, during the first naraf the contraction some motor units
were derecruited and the ones that continued fudiegreased their firing rates. These phenomena
may be explained with the changes that occurrégtlérmotor unit force twitches. The motor unit
force twitches potentiated at the beginning ofc¢hetractions and thus, the force produced by the
active motor units tended the increase during itisé hinute. As a result, in order to maintain the
force output constant, the excitation to the entiator unit pool had to decrease, and some motor
units stopped firing as the excitation became latwvan their recruitment threshold, while the ones
which were still above the excitation threshold rdased their firing rates. We observed the
derecruitment of 3 motor units in the FDI muscletasexcitation decreased to 96% of the original
value after the first minute, whereas 18 motor uumiere de-recruited in the VL muscle as the
excitation decreased to 96% of its initial valueaipproximately 40 s. As the contraction was
sustained over 1 min, the motor unit twitches sthrtlecreasing in amplitude and the force

produced tended to become lower than the target fém response to these changes, the excitation
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Figure 31: Prolonged contraction, no feedback: FDIA 30 s interval at the beginning, middle, andhet t
end of a prolonged contraction sustained at 20%inmalxexcitation are shown. The top row contains the
force twitches at the beginning of the 30 s intefttae twitches of the non-active motor units anewn in
gray) and the force output. The bottom row contdiresfiring rates of all the active motor units. tBlahat
the time axis for the twitches and the force outmet different: a 30s interval of the force outushown,
whereas a 300 ms interval is displayed for theefawgtches.
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Figure 32: Prolonged contraction, no feedback: VLA 30 s interval at the beginning, middle, andhe t
end of a prolonged contraction sustained at 20%inmmaxexcitation are shown. The top row contains the
force twitches at the beginning of the 30 s intkfttze twitches of the non-active motor units anewsn in
gray) and the force output. The bottom row contdiresfiring rates of all the active motor units. tBlahat
the time axis for the twitches and the force outmet different: a 30s interval of the force outushown,
whereas a 300 ms interval is displayed for thedfdwatches.
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Figure 33: Prolonged contraction, feedback: FDIA 30 s interval at the beginning, middle, andhat énd
of a prolonged contraction sustained at 20% MVCsai@vn. The top row contains the force twitchethat
beginning of the 30 s interval (the twitches of tian-active motor units are shown in gray) andftree
output. The bottom row contains the firing ratesalbfthe active motor units. Note that the timesafar the
twitches and the force output are different: a Bfisrval of the force output is shown, whereas @ 8%
interval is displayed for the force twitches.
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Figure 34: Prolonged contraction, feedback: VL.A 30 s interval at the beginning, middle, andhat ¢nd
of a prolonged contraction sustained at 20% MVCsli@vn. The top row contains the force twitchethat
beginning of the 30 s interval (the twitches of tlen-active motor units are shown in gray) andfthree
output. The bottom row contains the firing ratesalbfthe active motor units. Note that the timesafar the
twitches and the force output are different: a Bsrval of the force output is shown, whereas 8 8%
interval is displayed for the force twitches.
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waa increased so that gradually more motor unite wexruited and the firing rates of the already
active motor units increased. We observed a morgerv increase in the firing rates of later
recruited motor units, since the earlier recruiteator units already surpassed the steeper part of
the excitation plane. (See Chapter 3 and the Metlsedtion). At the endurance limit, the force
could no longer be sustained even when all the maigs had been recruited. At this point, the
motor unit twitches became too small to sustain rimguired force level and the force output
dropped even if the excitation reached the maxwalle. Another observation of the simulation
was the increasing fluctuations in the force outpsitthe muscles fatigued, probably due to the
gradual recruitment of higher-threshold higher-tWwiamplitude motor units. (See Figure 33 and

34)

Discussion

A model of muscle force production was implementedhcorporated recent findings on
motor unit firing behavior and the concept of conmuyive. Moreover, the model was provided
with a feedback loop in order to simulate trackiagks, and was capable of adjusting the input
excitation in response to changes in the parameaisin the mechanical characteristics of the
motor units, thus mimicking the processes of pa¢ion and fatigue.

Results showed that the model is able to simulaefiting rate patterns that have been
experimentally observed during repeated contrastsustained to exhaustion (Adam and De Luca,
2005): in prolonged constant force contractions, élcitation to the motoneuron pool must be
adjusted as the contractile properties of the neusittange with potentiation and fatigue.
Consequently, motor units decrease or increase fineg rate as the motor unit force twitches
potentiate or fatigue. The simulation of prolongashtractions also showed an increase in the
fluctuation of the force with time. The increasdance variability, despite the gradual decrease in
motor unit force twitches with the progression afsule fatigue, may be attributed to the gradual
recruitment of higher-recruitment threshold largetplitude force twitch motor units. This is in
agreement with the previous finding that a sigaificrelation exists between the number of newly

recruited motor units and the force fluctuationidgrintermittent contractions sustained at 20%
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MVC and performed to exhaustion in the VL muscle \leo found a significant relation between
force variability and the cross-correlation of rigi rates and between force variability and the
cross-correlation of firing rates and force. In tast, the variability of the firing rates had no
influence on force fluctuation. (See Chapter 3 &uhtessa et al.,, 2009.) We simulated short
contractions (30 s) sustained at 20% MVC with défe levels of common drive. The cross-
correlation between firing rates and the crossetation between firing rates and force increased,
as did the coefficient of variation of the forcetdrestingly, when the simulation was run with
increasing values for the CV of the noise, thealglity in the firing rates increased, while the CV
of the force did not change.

In conclusion, a physiologically based model of abesforce production was
implemented, and proved to be able of simulatimgpoua experimentally observed patterns in the
firing rate and force behavior. The model may bedu® test the influence of various motor unit
parameters on muscle force and on the firing raaesl thus to investigate the mechanisms

involved in the control of motor units and the gatien of muscle force.
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CHAPTER 6

SUMMARY AND FINAL DISCUSSION

This study investigated some properties of motdtr fiimg behavior and included the new
findings into a model of muscle force productioheTmodifications induced by fatigue on various
motor unit parameters, such as the firing varighithe synchronization of the motor unit firings,
and the common modulation of firing rates, andrthefluence on force were studied during
intermittent contractions sustained at 20% maxinumuntary contraction (MVC) in the vastus
lateralis (VL) muscle. The firing rate behavior ihgr linearly increasing force contractions at
different rate of force increase was analyzed tolehthe relation between the excitation received
by the motoneuron pool and the motor unit firintesa Finally, a model of force generation was
developed, which faithfully simulated the firingteaand force patterns during prolonged
contractions and which could be used to study tiflaénce of various motor unit parameters on

the muscle force.

Chapter 2 provides a brief description of the EM@hal, the techniques used to record it
and decompose it into its constituent motor unitioac potential trains. A summary of the
decomposition technique is provided. This is a demprocedure that classifies the individual
action potentials by using template matching, reslsuperpositions, and allocates with a high
accuracy the action potentials to specific motatsurThis algorithm has evolved since the late
1970s. It was first applied to intramuscular EM@nsils, and later modified for surface EMG
signals. The main findings which originated duritige past years from the use of the

decomposition technique are also presented.

In chapter 3, the behavior of some motor unit patens during the development of
muscle fatigue and their influence and causalityttenincreasing force fluctuation were studied.
Previously acquired data from three healthy subjemrforming a series of isometric knee

extensions at 20% MVC with their dominant VL musuelere analyzed. The contractions were
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repeated until the targeted level could no longernimintained. We were able to follow the
behavior of the same motor units as time progresskd coefficient of variation of the force
increased significantly with endurance time. Thhaséor of the force was found to be correlated
to the common drive of the motor units which insed in progressive contractions (both the
cross-correlation between firing rates of concutyeactive motor units and the cross-correlation
between the firing rates and the force increasdl ®ndurance time). The increasing number of
newly recruited motor units was also likely to pwod the increasing force-fluctuation. The
coefficient of variation of the firing rates andethynchronization of the motor unit firings werd no
found to alter as a function of endurance time, @mtsequently could not account for the increase

in variability of the force during fatigue.

In chapter 4, the excitation-firing rate relatiomstvas derived. We studied the firing rate
behavior of motor units in five healthy subjectsridg linearly increasing force contractions
performed up to maximum, or near maximum volunteoptraction force, at different rates of
force increase, either 10% MVC/s or 4% MVC/s. Weeavable to detect a large number of motor
units from two different muscles (the first dorgaterosseous (FDI) and the vastus lateralis (VL))
and to observe their firing rate behavior overahgre range of forces. We observed that the firing
rate curves of all motor units tended to reach aimma values, which was linearly related to the
recruitment threshold of the motor units. Firingerbehavior appeared to be independent of the
rate of force increase, suggesting that once theyesruited motor units increase their firing sate
with their own characteristic rate of rise up te thaximal firing rate value. Their behavior could
be modeled with a simple exponential function withger time constants associated with higher
recruitment threshold motor units. Based on thesellts, we defined an excitation plane that
describes the relation between the common exaitatgeived by the motoneuron pool and the

different electrical responses of each motor umthe pool.

Chapter 5 describes a model of motor unit firingl dorce and presents the results of

simulation run for the FDI and the VL muscle. Thedual incorporates the latest findings on motor
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unit firing behavior during prolonged contracticensd the concept of common drive. Moreover, it
is provided with a feedback loop in order to simel&racking tasks, and is thus capable of
adjusting the input excitation in response to cleanim the parameters and in the mechanical
characteristics of the motor units, mimicking thegesses of potentiation and fatigue. Results
showed that the model is able to simulate the faand firing rate patterns that has been
experimentally observed during repeated contrastirstained to exhaustion. The simulation of
prolonged contractions clearly showed that thesiase in force variability may be attributed to the
gradual recruitment of higher-recruitment threshialdyer-amplitude force twitch motor units. A

relation was also found between force variabilibd doth the cross-correlation between firing

rates and the cross-correlation between firingsratel force.

95



96



List of Journal Abbreviations

Abbreviation

Acta Anat

Acta Physiol Scand
Adv Neurol

Am J Phys Med
Biol Cybern
Biophys J

Brain Res

Electroencephal Clin Neurophysiol

Electromyogr Clin Neurophysiol

Eur J Appl Physiol
Eur J Appl Physiol Occup Physiol

Exp Brain Res

Exp Neurol

IEEE Trans Biomed Eng
J Appl Physiol

J Biomech

J Clin Neurophysiol

J Comput Neurosci

J Electromyogr Kinesiol
J Exp Biol

J Neurophysiol

J Neurol Neurosurg Psychiatry

J Physiol

Med Hypotheses

Methods Clin Neurophysiol
Muscle Nerve

Neuromusc Disord

Pflligers Arch

Res Publ Ass Nerv Ment Dis

Complete Title
Acta Anatomica
Acta Physiologica Scandinavica
Advances in Neurology
American Journal of Physical Medicine
Biological Cybernetics
Biophysical Journal
Brain Research
Electroencephalplyy and Clinical
Neurophysiology
Electromyography &lihical
Neurophysiology
European Journal of Applied Rbiggyy
European Jourha@pplied Physiology and
Occupational and Occupational Physiology
Experimental Brain Research

Experimental Neurology

IEEE Transactions on Bioneddimgineering

Journal of Applied Physiology
Journal of Biomechanics
Journal of Clinical Neurophyegy
Journal of Computational Neusysm
Journal of Electromyograpimg Kinesiology
Journal of Experimental Biology
Journal of Neurophysiology
Journal of Neurolddgurosurgery &
Psychiatry
Journal of Physiology
Medical Hypotheses
Methods in Clinical Nephysiology
Muscle & Nerve
Neuromuscular Disorders
Pflligers Archiv

Research Publicatiorib@mfAssociation of

97



Nervous and Mental Diseases

Trends Neurosci Trends in Neurosciences

98



BIBLIOGRAPHY

1. Adam A. Control of Motor Units During Submaximal Fatigui@pntractions. PhD Thesis,
Boston University, 2003.

2.  Adam A, and De Luca CJ.Firing Rates of Motor Units in Human Vastus Lalisrduscle
during Fatiguing Isometric ContractiodsAppl Physiql99: 268-280, 2005.

3. Adam A and De Luca CJ.Recruitment Order of Motor Units in Human Vastusdralis
Muscle Is Maintained During Fatiguing Contractioh®Neurophysiql90: 2919-2927, 2003.

4, Adam A, De Luca CJ, and Erim Z. Hand Dominance and Motor Unit Firing Behavidr.
Neurophysiol80: 1373-1382, 1998.

5. Adam A, Morgan A, and De Luca CJ.Analysis of Synchronized Motor Unit Activity
During Fatiguing Muscle Contractions. Society foeudoscience Annual Meeting, Atlanta, GA,
October 14 — 18, 2006.

6. Andreassen S and Rosenfalck ARegulation of the Firing Pattern of Single MotoritdnJ
Neurol Neurosurg Psychiatyyt3: 897-906, 1980.

7. Avela J, Kyrdlainen H, and Komi PV. Altered Reflex Sensitivity After Repeated and
Prolonged Passive Muscle Stretchididhppl Physial86: 1283-1291, 1999.

8. Avela J, Kyrdlaginen H, and Komi PV. Neuromuscular Changes After Long-Lasting
Mechanically and Electrically Elicited Fatigueur J Appl Physiql85: 317-325, 2001.

9. Bawa P, and Stein RBFrequency Response of Human Soleus Mugdddeurophysiql 39:
788-793, 1976.

10. Bellamare F, Woods JJ, Johansson R, and Bigland-Ritie B. Motor-Unit Discharge
Rates in Maximal Voluntary Contractions of Threenttun MusclesJ Neurophysiql 50: 1380-
1392, 1983.

11. Bigland B, and Lippold OCJ. Motor Unit Activity in the Voluntary Contractionfdduman

Muscle.J Physio] 125: 322-335, 1954.

99



12. Bigland-Ritchie BR, Dawson NJ, Johansson RS, and jpold OCJ. Reflex Origin for the
Slowing of Motoneurone Firing Rates in Fatigue afnkin Voluntary Contractionsl. Physio
379: 451-459, 1986.

13. Bigland-Ritchie B, Johansson R, Lippold OCJ, SmithS, and Woods JJ.Changes in
Motor Unit Firing Rates during Sustained Maximallsaary ContractionsJ Physio] 340: 335-
346, 1983a.

14. Bigland-Ritchie B, Johansson R, Lippold OCJ, and Wods JJ. Contractile Speed and
EMG Changes during Fatigue of Sustained Maximalu¥tdry Contractions] Neurophysigl50:
313-324, 1983b.

15. Bigland-Ritchie B, Thomas CK, Rice CL, Howarth JV, and Woods JJ. Muscle
Temperature, Contractile Speed, and Motoneuronnd-irRates During Human Voluntary
ContractionsJ Appl Physial 73: 2457-2461, 1992.

16. Binder MD and Stuart DG. Response of la and Spindle Group Il Afferent tog&irViotor
Unit ContractionsJ Neurophysigl43: 621-629, 1980.

17. Binder-MacLeod SA, and McDermond LR.Changes in the Force-Frequency Relationship
of the Human Quadriceps Femoris Muscle FollowingcElcally and Voluntarily Induced Fatigue.
Physical Therapy72: 95-104, 1993.

18. Buchthal F. The General Concept of the Motor Unideuromusc DisRes Publ Ass Nerv
Ment Dis 38:3-30, 1961.

19. Buchthal F, and Schmalbruch H.Contraction Times and Fibre Types in Intact Human
Muscle.Acta Physiol Scand’9: 435-452, 1970.

20. Burke RE. Motor Units: Anatomy, Physiology, and Functionalg@nization. In: Handbook
of Physiology, The Nervous System, Motor Contralited by Brooks VB. Bethesda: American
Physiological Society, p. 345-422, 1981.

21. Burke RE. Motor Unit Types of Cat Triceps Surae Musddhysio] 193: 141-160, 1967.
22. Burke RE, Levine DN, Tsairis P, and Zajac FE.Physiological Types and Histochenical

Profiles in Motor Units of the Cat Gastrocnemidi®2hysio] 234: 723-748, 1973.

100



23. Calancie B, and Bawa PVoluntary and Reflexive Recruitment of Flexor daRadialis
Motor Units in Humans] Neurophysigl53: 1194-1200, 1985.

24. Carpentier A, Duchateau J, and Hainaut K. Motor Unit Behaviour and Contractile
Changes during Fatigue in the Human First Dordartisseousl] Physio] 534: 903-912, 2001.

25. Chan KM, Doherty TJ, and Brown WF. Contractile Properties of Human Motor Units in
Health, Aging, and Deseadduscle Nerve24: 1113-1133, 2001.

26. Christensen E. Topography of Terminal Motor Innervation in Stedt Muscles from
Stillborn Infants Am J Phys Me88: 65-78, 1959.

27. Clamann HP. Activity of Single Motor Units During Isometric Tsion. Neurology,
20:255-260, 1970.

28. Clamann HP. Statistical Analysis of Motor Unit Firing Patteris a Human Skeletal
Muscle.Biophys J9: 1233-1251, 1969.

29. Contessa P, Adam A, and De Luca CMotor Unit Control and Force Fluctuation During
Fatigue.J Appl Physial107: 235-243, 2009.

30. Cooper S, and Eccles JCThe Isometric Responses of Mammalian Muscle3hysio) 69:
377-385, 1930.

31. Dartnall TJ, Nordstrom MA, and Semmler JG. Motor Unit Synchronization is Increased
in Biceps Brachii after Exercise-Induced Damagé-timow Flexor MusclesJ NeurophysioR9:
1008-1019, 2008.

32. De Luca CJ.Physiology and Mathematics of Myoelectric Signt#&E Trans Biomed Eng
26: 315-325, 1979.

33. De Luca CJ.Control Properties of Motor Unitd.Exp BioJ 115: 125-136, 1985.

34. De Luca CJ.Precision Decomposition of EMG Signaldethods Clin Neurophysio#: 1-
28, 1993.

35. De Luca CJ and Adam A. Decomposition and Analysis of Intramuscular
Electromyographic Signals. In: Modern Techniques Nieuroscience Research, edited by

Windhorst U and Johansson H. Heidelberg: Sprin#39, p. 757-776.

101



36. De Luca CJ and Erim Z. Common Drive of Motor Units in Regulation of Musdferce.
Trends Neuros¢il7: 299-305, 1994.

37. De Luca CJ, and Erim Z. Common Drive in Motor Units of a Synergistic MusdPair.J
Neurophysiqgl87: 2200-2204, 2002.

38. De Luca, CJ and Forrest WJ.Some Properties of Motor Unit Action Potential Tl
Recorded During Constant Force Isometric Contrastio Man.Kybernetik 12: 160-168, 1973.
39. De Luca CJ, Adam A, Wotiz R, Gilmore LD, and NawabSH. Decomposition of Surface
EMG Signals. Neurophysigl96: 1646-1657, 2006.

40. De Luca CJ, Foley PJ, and Erim Z.Motor Unit Control Properties in Constant-Force
Isometric Contractionsl Neurophysiol76: 1503-1516, 1996.

41. De Luca CJ, Gonzalez-Cueto JA, and Adam A.Motor Unit Recruitment and
Proprioceptive Feedback Decrease the Common DFiteurophysigl101: 1620-1628, 2008.

42. De Luca CJ, LeFever RS, McCue MP, and Xenakis APBehaviour of Human Motor
Units in Different Muscles During Linearly Varyir@@ontractionsJ Physio) 329: 113-128, 1982a.
43. De Luca CJ, LeFever RS, McCue MP, and Xenakis APControl Scheme Governing
Concurrently Active Human Motor Units During Volamy Contractions] Physio) 329: 129-142,
1982b.

44. De Luca CJ, Roy AM, and Erim Z. Synchronization of Motor-Unit Firings in Several
Human Muscles] Neurophysigl70: 2010-2023, 1993.

45. Doherty TJ, and Brown WF. A Method for the Longitudinal Study of Human Thena
Motor Units.Muscle Nervel7: 1029-1036, 1994.

46. Duchateau J and Hainaut K. Effects of Immobilization on Contractile Propestie
Recruitment and Firing Rates of Human Motor UnltPhysio] 422: 55-65, 1990.

47. Edin BB and Vallbo AB. Muscle Afferent Responses to Isometric Contrasti@amd
Relaxations in Humansg. Neurophysigl63: 1307-1313, 1990.

48. Elek JM, and Dengler R.Human Motor Units Studied by Intramuscular Michostlation.

In: Fatigue, edited by Simon C. Gandevia et aénbin Press, New York, p. 161-171, 1995

102



49. Elek JM, Kossev A, Dengler R, Schubert M, WholfahrtK, and Wolf W. Parameters of
Human Motor Unit Twitches Obtained by IntramuscwWVicrostimulation.Neuromusc Disord2:
261-267, 1992.

50. Enoka RM, Robinson GA, and Kossev ARTask and Fatigue Effects on Low-Threshold
Motor Units in Human Hand Musclé.Neurophysiql62: 1344-1359, 1989.

51. Erim Z and Aghera A. 23rd Annual International Conference of the IEERgiBeering in
Medicine and Biology Society, 2001.

52. Erim Z, Beg MF, Burke DT, and De Luca CJ.Effects of Aging on Motor Unit Firing
Behavior.J Neurophysiql82: 2081-2091, 1999.

53. Erim Z, De Luca CJ, Mineo K, and Aoki T. Rank-Ordered Regulation of Motor Units.
Muscle Nervel9: 563-573, 1996.

54. Feinstein B, Lindegard B, Nyman E, and Wohlfart G.Morphologic studies of Motor
Units in Normal Human Musclegcta Anat (Base))23: 127-42, 1955.

55. Freund HJ, Bidingen HJ, and Dietz V. Activity of Single Motor Units from Human
Forearm Muscles During Voluntary Isometric Conti@ts.J Neurophysigl38: 933-946, 1975.

56. Fuglevand AJ, Macefield VG, and Bigland-Ritchie B.Force-Frequency and Fatigue
Properties of Motor Units in Muscles that Contragis of the Human Handl Neuroplysiol 81:
1718-1729, 1999.

57. Fuglevand AJ, Winter DA, and Patla AE. Models of Recruitment and Rate Coding
Organization in Motor-Unit Pools. Neurophysiql70: 2470-2488, 1993.

58. Furness P, Jessop J, and Lippold OCJ.ong-Lasting Increases in the Tremor of Human
Hand Muscles Following Brief, Strong Effo&.Physiol (London)265: 821-831, 1977.

59. Galganski ME, Fuglevand AJ, and Enoka RM.Reduced Control of Motor Output in a
Human Hand Muscle of Elderly Subjects During Subimak ContractionsJ Neurophysiql 69:
2108-2115, 1993.

60. Gandevia SC, Allen GM, Butler JE, and Taylor JL. Supraspinal Factors in Human
Muscle Fatigue: Evidence for Suboptimal Output fribva Motor CortexJ Physio} 490: 529-536,

1996.

103



61. Garland SJ. Role of Small Diameter Afferents in Reflex Inhibit during Human Muscle
Fatigue.J Physio) 435: 547-558, 1991.

62. Garland SJ, Enoka RM, Serrano LP, and Robinson GABehavior of Motor Units in
Human Biceps Brachii During a Submaximal Fatigu®gntraction.J Appl Physiql 76: 2411-
2419, 1994.

63. Gossen ER, lvanova TD, and Garland SJThe Time Course of the Motoneuron
Afterhyperpolarization is Related to Motor Unit Teh Speed in Human Skeletal Muscle.
Physio| 552: 657-664, 2003.

64. Gottlieb S, and Lippold OCJ. The 4-6 Hz Tremor During Sustained ContractioMarmal
Human Subjectsl Physiol (London)336: 499-509, 1983.

65. Granit R, Kernell D, and Shortess GK. Quantitative Aspects of Repetitive Firing of
Mammalian Motoneurons, caused by Injected Currdrighysio} 168: 911-931, 1963.

66. Grimby L, Hannerz J, and Hedman B.The Fatigue and Voluntary Discharge Properties of
Single Motor Units in ManJ Physio) 316: 545-554.

67. Gydikov A and Kosarov D. Some Features of Different Motor Units in Humarcdgis
Brachii. Pfligers Arch347: 75-88, 1974.

68. Halliday AM and Redfearn JWT. An Analysis of the Frequencies of Finger Tremor in
Healthy Subjects] Physio] 134: 600-611, 1956.

69. Henneman E. Relation between Size of Neurons and Their Suszifyt to Discharge.
Science126: 1345-1347, 1957.

70. Henneman E, and Olson CBRelation between Structure and Function in theidgvesf
Skeletal Muscles] Neurpohysiql28: 581-598, 1965.

71. Herbert RD, and Gandevia SC.Twitch Interpolation in Human Muscles: Mechanisamsl
Implications for Measurement of Voluntary Activatid Neurophysiql82: 2271-2283, 1999.

72. Hill IM. Increase in the Discharge of Muscle Spindles Rufxiaphragm FatigueBrain

Res 918: 166-170, 2001.

104



73. Holtermann A, Grénlund C, Karlsson JS, and Roeleveal K. Motor Unit Synchronization
During Fatigue: Described with a Novel SEMG MetHdased on Large Motor Unit Samplek.
Electromyogr Kinesigl19: 232-241, 2009.

74. Kamen G, Sison SV, Duke DU CC, and Patten QMiotor Unit Discharge Behavior in
Older Adults During Maximal-Effort Contraction$ Appl Physiqgl 79: 1908-1913, 1995.

75. Kernell D. The Adaptation and the Relation between Dischangguency and Current
Strength of Cat Lumbosacral Motoneurons Stimuldigd ong-Lasting Injected Currentécta
Physiol Scand65: 65-73, 1965a.

76. Kernell D. High-Frequency Repetitive Firing of Cat LumbrosdciMotoneurones
Possessing Different Time Course of Afterhypolara Acta Physiol Scand5: 74-86, 1965b.

77. Kernell D. The Limits of Firing Frequency in Cat Lumbosadkdtoneurones Possessing
Different Time Course of AfterHyperpolarizatioficta Physiol Scand5: 87-100, 1965c.

78. Kernell D, Eerbeek O, and Verhey BA.Relation between Isometric Force and Stimulus
Rate in Cat’'s Hindlimb Motor Units of Different Tteh Contraction TimesExp Brain Res50:
220-227, 1983.

79. Kosarov D, and Gydikov A. Dependence of the Discharge Frequency of MototsUni
Different Human Muscles Upon the Level of the IstmeeMuscle TensionElectromyogr Clin
Neurophysiql 16: 293-306, 1976.

80. Kossev A, Elek JM, Schubert M, Dengler R, and WolW. Assessment of Human Motor
Unit Twitches — a Comparison of Spike-Triggered ageng and Intramuscular Microstimulation.
Electroencephal Clin Neurophysj@3: 100-105, 1994.

81. Kukulka CG and Clamann HP. Comparison of the Recruitment and Discharge Ptiser
of Motor Units in Human Brachial Biceps and AdducRpllicis During Isometric Contractions.
Brain Res219: 45-55, 1981.

82. Laidlaw DH, Bilodeau M, and Enoka RM. Steadiness is Reduced and Motor Unit
Discharge is More Variable in Old Adulfgluscle Nerve23: 600-612, 2000.

83. LeFever RS and De Luca CJDecomposition of Action Potential Trains. Proceedi of

8th Annual Meeting of the Society for Neuroscierz29, November, 1978.

105



84. LeFever RS and De Luca CJA Procedure for Decomposing the Myoelectric Signéd

its Constituent Action Potentials. Part I. Techmigwheory and implementatiohEEE Trans
Biomed Eng29: 149-157, 1982a.

85. LeFever RS, Xenakis AP, De Luca CJA Procedure for Decomposing the Myoelectric
Signal into its Constituent Action Potentials. FiarExecution and test for accuradi£EE Trans
Biomed Eng29: 158-164, 1982b.

86. Lowery MM and Erim Z. A Simulation Study to Examine the Effect of Common
Motoneuron Inputs on Correlated Patterns of Motait Discharge.J Comput Neuroscil9: 107-
124, 2005.

87. Macefield VG, Fuglevand AG, Howell JN, and BiglandRitchie B. Discharge Behavior of
Single Motor Units During Maximal Voluntary Conttaans of a Human Toe Extensor. J Physiol,
528: 227-234, 2000.

88. Macefield VG, Hagbarth KE, Gorman R, Gandevia SC, ad Burke D. Decline in
Spindle Support ta-Motoneurons During Sustained Voluntary ContradidnPhysio) 440: 497-
512, 1991.

89. Mambrito B and De Luca CJ. A Technique for the Detection, Decomposition amdhksis

of the EMG SignalElectroencephalogr Clin Neurophysi&9: 175-188, 1984.

90. Mannard A, and Stein RB. Determination of the Frequency Response of Isam8uleus
Muscle in the Cat Using Random Nerve StimulatibRhysio] 229: 275-296, 1973.

91. Marsden CD, Meadows JC, and Merton PAMuscular Wisdom” that Minimizes Fatigue
during Prolonged Effort in Man: Peak Rates of Mamron Discharge and Slowing of Discharge
during FatigueAdv Neurqgl39: 169-211, 1983.

92. McNulty PA, Falland KJ, and Macefield VG. Comparison of Contractile Properties of
Single Motor Units in Human Intrinsic and Extrindtenger MusclesJ Physio] 526: 445-456,
2000.

93. Miles TS. The Cortical Control of Motor Neurons: Some Pnodes of OperationMed

Hypotheses?23: 43-50, 1987.

106



94. Milner-Brown HS, Stein RB, and Yemm R.The Contractile Properties of Human Motor
Units during Voluntary Isometric ContractiodsPhysio] 228: 285-306, 1973a.

95. Milner-Brown HS, Stein RB, and Yemm R.The Orderly Recruitment of Human Motor
Units During Voluntary Isometric ContractionsPhysio) 230: 359-370, 1973b.

96. Milner-Brown HS, Stein RB, and Yemm R. Changes in Firing Rate of Human Motor
Units During Linearly Changing Voluntary ContractiJ Physio) 230: 371-390, 1973c.

97. Monster AW and Chan H. Isometric Force Production by Motor Units of Exden
Digitorum Communis Muscle in Mad.Neurophysiql40: 1432-1443, 1977.

98. Moritz CT, Barry BK, Pascoe MA, and Enoka RM. Discharge Rate Variability
Influences the Variation in Force Fluctuations Asdhe Working Range of a Hand Musdle.
Neurophysiql93: 2449-2459, 2005.

99. Nawab SH, Chang S, and De Luca CJHigh-Yield Decomposition of Surface EMG
Signals.J Clin Neurophysiglin press.

100. Nawab SH, Wotiz RP, and De Luca CJDecomposition of Indwelling EMG Signals.
Appl Physial 105: 700-710, 2008.

101. Nordstrom MA, Fuglevand AJ, and Enoka ME. Estimating the Strength of Common
Input to Human Motoneurons from the Cross-Corredagd Physio] 453: 547-574, 1992.

102. Nordstrom MA, Miles TS, and Turker KS. Synchronization of Motor Units in Human
Masseter During a Prolonged Isometric ContractioRhysio] 426: 409-421, 1990.

103. Person RS and Kudina LP.Discharge Frequency and Discharge Pattern of Huviator
Units During Voluntary Contraction of Muscl&lectroencephalogr Clin Neurophysi@2: 471-
483, 1972.

104. Rack PMH, and Westbury DR. The Effects of Length and Stimulus Rate on Tensiche
Isometric Cat Soleus Muscl& Physio] 204: 443-460, 1969.

105. Raikova TR, and Aladjov HTs. Hierarchical Genetic Algorithm versus Static Opgation

— Investigation of Elbow Flexion and Extension Moants.J Biomech35: 1123-1135, 2002.

107



106. Seki K, Kizuka T, and Yamada H Reduction in Maximal Firing Rate of Motoneurons
After 1-Week Immobilization of Finger Muscle in Ham Subjects] Electromyogr Kinesigl17:
113-120, 2007.

107. Semmler JG and Nordstrom MA. Motor Unit Discharge and Force Tremor in Skill-dan
Strength-Trained Individual&xp Brain Res119: 27-38, 1998.

108. Semmler JG, Steege JW, Kornatz KW, and Enoka RMMotor-Unit Synchronization is
Not Responsible for Larger Motor-Unit Forces in @ldults.J Neurophysiql84: 358-366, 2000.
109. Sica REP, and McComas AJFast and Slow Twitch Units in a Human MuscleNeurol
Neurosurg Psychiatr$4: 113-120, 1971.

110. Stashuk D and De Bruin H. Automatic Decomposition of Selective Needle-Deatdct
Myoelectric SignalslEEE Trans Biomed En¢g5: 1-10, 1988.

111. Stashuk D and De Luca CJUpdate on the Decomposition and Analysis of EMGn8is.
In: Computer-aided Electromyography and Expert 8yst edited by Desmedt JE. Amsterdam:
Elsevier, 1989, p. 39-53.

112. Stein RB, French AS, Mannard A, and Yemm R.New Methods for Analysing Motor
Function in Man and Animal&rain Res40: 187-192, 1972.

113. Stephens JA, and Usherwood TPThe Mechanical Properties of Human Motor Unitshwit
Special Reference to their Fatigability and Reansitt.Brain Res 125: 91.97, 1977.

114. Studer LM, Ruegg DG, and Gabriel JP.A Model for Steady Isometric Muscle Activation.
Biol Cybern 80: 339-355, 1999.

115. Tanaka M, McDonagh MJ, and Davies CT.A Comparison of the Mechanical properties
of the First Dorsal Interosseous in the Dominard Bion-Dominant HandEur J Appl Physiol
Occup Physiql53: 17-20, 1984

116. Tanji J and Kato M. Firing Rate of Individual Motor Units in Voluntar@ontraction of
Abductor Digiti Minimi Muscle in ManExp Neuro) 40: 771-783, 1973.

117. Taylor A, and Stephens JA.Study of Human Motor Unit Contractions by Contedll

Intramuscular MicrostimulatiorBrain Res 117: 331-335, 1976.

108



118. Taylor AM, Christou EA, and Enoka RM. Multiple Features of Motor-Unit Activity
Influence Force Fluctuations During Isometric Caations.J Neurophysiql90: 1350-1361, 2003.
119. Thomas CK, Ross BH, and Stein RBMotor-Unit Recruitment in Human First Dorsal
Interosseous Muscle for Static Contractions in €hbafferent Directions.J Neurophysiql 55:
1017-1029, 1986.

120. Thomas CK, Bigland-Ritchie B, Westling G, and Johasson RS.A comparison of
Human Thenar Motor-Unit Properties Studied by Inénaral Motor-Axon Stimulation and Spike-
Triggered Averagingl Neurophysiql64: 1347-1351, 1990.

121. Thomas CK, Johansson RS, and Bigland-Ritchie BAttempts to Physiologically Classify
Human Thenar Motor Unitg. Neurophysiql65: 1501-1508, 1991a.

122. Thomas CK, Bigland-Ritchie B, and Johansson RS-orce-Frequency Relation of Human
Thenar Motor UnitsJ Neurophysigl65: 1509-1516, 1991b.

123. Tracy BL, Maluf KS, Stephenson JL, Hunter SK, and Ehoka RM. Variability of Motor
Unit Discharge and Force Fluctuations Across a RarfgMuscle Forces in Older Adultisluscle
Nerve 32: 533-540, 2005.

124. Vandervoort AA, Quinlan J, and McComas AJ. Twitch Potentiation after Voluntary
ContractionExp Neuro] 81: 141-152, 1983.

125. Vollestand NK, Sejersted |, and Saugen EMechanical Behavior of Skeletal Muscle
during Intermittent Voluntary Isometric Contract®om HumansJ Appl Physiql 83: 1557-1565,
1997.

126. Westling G, Johansson RS, Thomas CK, and Bigland-Rhie B. Measurement of
Contractile and Electrical Properties of Single HwmThenar Motor Units in Response to
Intraneural Motor-Axon Stimulatiord. Neurophysiql64: 1331-1338, 1990.

127. Woods JJ, Furbush F, and Bigland-Ritchie B.Evidence for a Fatigue-Induced Reflex
Inhibition of Motoneuron Firing Rated.Neurophysiql58: 125-137, 1987.

128. Yao W, Fuglevand AJ, and Enoka RM.Motor-unit Synchronization Increases EMG
Amplitude and Decreases Force Steadiness of Sieaul@bntractions] NeurophysioB3: 441—

452, 2000.

109



129. Young JL, and Meyer RF. Physiological Properties and Classification of gknMotor
Units Activated by Intramuscular Microstimulation the First Dorsal Interosseous Muscle in
Man. In: Motor Unit Types Recruitment and Plasyicih Health and Disease, edited by J.E.
Desmedt, p. 17-25, 1981.

130. Zijdewind C, Bosch W, Goessens L, Kandou TW, and Keell D. Electromyogram and
Force During Stimulated Fatigue Tests of MuscleBaminant and Non-Dominant Handsur J

Appl Physiol Occup Physiob0: 127-132, 1990.

110



