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Abstract

Indwelling electromyography (EMG) has great diagnostic value but its invasive
and often painful characteristics make it inappropriate for monitoring human movement.
Spike shape analysis of the surface electromyographic signal responds to the call for non
invasive EMG measures for monitoring human movement and detecting neuromuscular
disorders. The present study analyzed the relationship between surface and indwelling
EMG interference patterns. Twenty four males and twenty four females performed three

isometic dorsiflexion contractions at five force levels from 20% to maximal force.

Theamplitude measures increasdifferently between electrode types, attributed to
the electrode sensitivitythe frequency measures were different between traditional and
spike shape measures due to different noise rejection criteria. These measures were also
different between surface and indwelling EMG due to thepasgs tissue filtering effect.
The spike shagmeasures, thought to collectively function as a means to differentiate

between motor unit characteristics, changed independent of one another.
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Chapter 1: Development of the Problem

1.1. Introduction

A motor unit (MU)is a single alphanotor neuron and all the muscle fibers that it
innervates (Basmajiat De Luca, 1985)Electrical activity is generated when the
nervous system activates the peripheral nerve to recruit motor units involved in skeletal
muscle contraction. Electromyography (EMG) is used in both clinical and research
settings as a tool to m&ae electrical activity associated with neural activation of
skeletal muscle (Adrian & Bronk, 1928; Basmajian, 19TRgre are two types of
recording methods; one secures a disc electrode to the skin surface, and the other inserts a
needle electrode thugh the skin directly into the muscEach method is associated with

different strengteand weaknesses.

Surface EMG (SEMG) is a painless, Aorasive technique where electrodes
record from a large volume of tissue representing global muscle acfikity, there are
challenges associated with identifying the relationship between sEMG and MU
behaviourMyoelectric impulses generated froems of thousands of muscle fiber
superimpose, which results in the complex interference pattern where the behalviours
individual MUs are buried within the overall waveform (Day & Hulliger, 2001; Keenan
et al., 2005; Farina, Fosci, & Merletti, 2002; Farina et al., 200@tomical bw-pass
filtering of the signal as it transmits through fat, fascia, and skin pricetextion at the

electrode surface compounds the problem further (De Luca, 1997).

The limitations outlined above may be circumvented by inserting an electrode into

the muscle to record motor unit action potentials (MUAPS) diredtijortunately,



needle eletrodes record from a limited volume of tissue that includes only a small
percentage of the total number of MUs (Podnar & Mrkaic, 2003; Podnar, 2004iple
insertions around the muscle are then required to obtain a representative sample, which is
not dways feasible (Podnar et al., 199®uscle compartmentalization also opens the
possibility to record from an area of the muscle not directly involved in the task (Segal et
al., 1991; English, Wolf, & Segal, 1993; Hannam & McMillan, 1994; Carrasco &

English, 1999).

Over the past two decades there have been new developments in the application of
signal processing methods to analyze the SEMG interference pattern to provide insight
into MU behavioursSuch techniques seek to exploit the global -imvasive mture of
surface recording while providing similar information about MU activity as obtained by
indwelling methods (Zwarts, Drost, & Stegeman, 2000; Christie et al., 20@@klets
(von Tscharner2000; Wakeling et al., 200Iecurrence quantification alyses Liu et
al., 2004;Fattorini et al., 2005; Del Santo et al., 2Q0)d spike shape analysis (Gabriel
et al., 2007) arexamplesf such techniqued he focus of this thesis is on spike shape
analysis, which attempts to provide greater preciian other methods in describing

MU behaviour (Gabriel et al., 2007).

Spike shape analysis was developed to detect changes in the SEMG signal
associated with different MU activity patterf@abriel, 2000; Gabriel et al., 200%yhile
the activity of an intvidual MU may be buried within the overall interference, the
behaviour of a population of MUs, as manifested in the superposition of action potentials,
results in an interference that is quantitatively different for each type of activity pattern.

This difference is reflected in the average shape of individual sfiikagora & Gonen,



1970; Gabriel, 2000Five measures are used to describe the average shape of individual
spikes within the interference pattern. These five measures are: mean spike amplitude
(MSA), mean spike frequency (MSF), mean spike slope (MSS), mean spike duration
(MSD) and man number of peaks per spike (MRS). A pattern classification table is

used todentify alterations in MU dischargate, recruitment, and/or synchronization

based a distinct patterns of changes between the five meadDadde, Gabriel, &

McLean, 2009; Gabriel et al., 2011; Gabriel, 2011

1.2. Statement of the Problem

The relationship between indwelling EMG spike shape measures and the different
MU activity patternhas been establisheld@gora & Gonen, 1970; Magora & Gonen,
1972; Magora & Gonen, 1975; Magora, Blank, & Gonen, 1980; Shochina et al), 1984
Unfortunatelycorrelating MU and surface EMG variables present a number of
difficulties that include the followig: decomposing the indwelling sigratlhigh levels
of MVC, a complex relationship between recruitment threshold and discharge rate, and
amplitude cancellatio(Christie et al., 2009As a result, validation of spike shape
analysis of the surface EMG sgjrhas been limited to demonstrating deterministic
changes associated with the force gradation process, which has known MU activity
patterns Gabriel et al., 2007 Therefore, an intermediate step is necessary to further
validate the use of spike shapelgss on the SEMG signarlhis involves investigating
the relationship between spike shape measures obtained on both indwelling and surface

EMG recorded simultaneously.

1.3. Purpose



The purpose of this thesis is to investigate the relationship between indvegitin
surface EMG spike shape measures in the tibialis anterior during isometric dorsiflexion

contractions at 20, 40, 60, 80 and 100 % maximal voluntary contraction (MVC).

1.4. Hypothesis

It is hypothesized that indwelling and surface EMG spike shape measlires w
exhibit similarchanges whiléesometric dorsiflexion forcencreases, which will be
demonstrated bgimilar statistical trend congpents To date, there are only two studies
that have recorded surface and indwelling EMG activity with the spgtiffpose of
comparing how measures extracted from the two interference patterns change with
increasing force (Philipson & Larsson, 1988; Preece et al., 1B6#).investigative
groups report that surface and indwelling measures change in a similar manaeeh

the relationships were not quantified.

1.5. Significance

Indwelling EMG has great diagnostic value but is invasive, painful, and not
appropriate for monitoring isotonic contractions as occur in human movement (Jan,
Schwartz, & Benstead, 1999; Disselheég et al., 2000; Finsterer, 2004; Brown,

Bruce & Jakobi, 20095pike shape analysis of the SEMG signal responds to the call for
noninvasive EMG measures for the detection of neuromuscular disorders (Zwarts et al.,
2000; Meekins, So, & Quan, 2008), amak proven reliabl® use during human

movement (Gabriel, 2000it. has also been shown th&MG spike shape analysis was
equivalent to traditional quantitative analysis of indwelling motor unit action potentials

for diagnosing repetitive strain inju(Zalder et al., 2008; Calder et al., 2008jven its



diagnostic potential, further validation is necessary for general acceptance as a clinical

tool (Zwarts et al., 2000).

1.6. Assumptions

1. The interference pattern recording from surface electrodes re@essnt
unit activity in a deterministic way,

2. Ankle dorsiflexion is predominantly achieved with the tibialis anterior and
there is minimal cacontraction from the gastrocnemius and soleus,

3. Serial contractions with sufficient rest intervals will not induatggiie

4. Performance of the subjects is assumed to always be optimal.

1.7. Delimitations

1. This study is delimited ta population that is (a) collegeged(18-25 years
old), (b) absent of orthopaedic abnormalities, and (c) free of neurological
disorder.

2. Participants will be right leg dominant.

3. Only isometric contractions will be performed.

4. The tibialis anterior will be the only muscle under analysis.

5. Muscle electrical activity will be measuredly by rootmeansquare
amplitude, mean power frequency, and the five spike shape measures (MSA,

MSF, MSD, MSS, and MNPPS) for surface and indwelling electromyograms.

1.8. Limitations



1. Since the participants will be healthy, collegge males and females, the
findings may not apply to other age groups.

2. While the study is delimited to rigiitnb dominant individuals, it is expected
that the results will generalize to the rdominant limb.

3. Since only isometric contractions will be studied, the results may pbt &p
isotonic or isokinetic contraction types.

4. Only the tibialis anterior will be studied during isometric dorsiflexion so the
findings may not apply to other muscles during more complex movements.

5. There are other measures of muscle electrical actiMig.relationship
between indwelling and surface EMG activity can only be generalized to the
rootmeansquare amplitude, mean power frequency, and the five spike shape

measures (MSA, MSF, MSD, MSS, and MNPPS)

1.9. Definitions

Deterministic: Phenomena that cae Ipredicted (i.e., nerandom)

Electromyography (EMG): The measurement of muscle action potentials thrthgh

use of indwelling or surface electrodes.

Isometric contraction: The muscle generates tension without an appreciable change in

length.

Isotonic contraction: The muscle changes length against a constant external load.

Mean spike amplitude The average size of spikes within the EMG signal in a given

period of time.



Mean spike frequency The average number of spikes occurmnthin a given period of

time.

Mean spike slope The average rise time of the spikes within a time pefroth the

base of the spike to its highest peak

Mean spike duration: The average timdifference between the base of #seending

andbase of thelescending sides efichspke within agiven period of time.

Mean number of peaks per spikeThetotal number of peaks divided by the total

number ofspikeswithin a given time period

Motor unit : A single alpha motoneuron and all the muscle filsethat it innervates.

Noise Deflectionsin the EMG signathat are present before, between, and after spikes

that do not themselves meet th#owing spike criteria.

Peak Upward and downward deflection within a spike that does not qualify as a spike,

however, a spike with a single peate determined to be the same.

Spike: Composed of a pair of upward and downward deflestioat both cross zero

isoelectric baseline and are greater than the 95% confidence interval for baseline noise.



Chapter 2: Literature Review

2.1. Tibialis Anterior

The human tibialis anterior (TA) muscle is located on titeror aspect of the
lower legdirectly lateral to the tibial shaft. It originates from the lateral condyle of the
tibia and upper tibial shaftraveling distally to its insertion atelmedial cuneiform and
the base of the first metatarsal in the foot. The overall muscle diameter decreases as it

travels beneath the extensor retinaculum at the ankle (Biel, 2005) (Figure 1).

The TA is innervated by the descending pathsway?-4 branche$rom the deep
peroneal nerve (Reebye, 2004). Motor neuron terminal branches are largely populated in
certain areas of the muscle, which are referred to as motor points. The number of motor
points and their location in the TA vary betwemrbjects and with-subjects when
comparing each leg (Bowden & McNulty, 2012). A motor point is located by direct
superficial stimulation where the smallest twitch can be evoked. De Luca and Merletti
(1988) detected 1 to 3 motor points in the TA for each participant atinbst excitable

one generally being located in the upper third of the muscle (Figure 2).

It is often assumed that the TA acts on the ankle only in the saggital plane.
However, it has been shown that supination occurs during dorsiflexion and pronation
ocaurs during plantar flexion (Isman anmahhan, 1969). The TA serves tfinctions at
the ankle and foot: 1) dorsiflexioand 2) ankle inversiohese functions make it an
important component of balance and gdiere it stabilizes the ankle during the landing
phase and lifts the forefoot during the swing ph&&arsh et al. (1981) used electrically

evoked potentials teummarize the relationship between the &&ensor hallucis
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longus, extensor digitorum longus, and peroneus tevtinish all work in synergy to

dorsiflex the foot. Dorsiflexion torque gerated by the TA was 42% of the total

dorsiflexion torque, which indicates thie synergist muscles contribute to dorsiflexion
torque more than expected. Biomechanically, two components determine whether the TA
canbe maximally activatecdhe TA tendon rament arm, anthe lengthtension

relationship, which refers to the length of the muscle &t res

During an isometric dorsiflexion contraction, there is a changfeeA tendon
action line and the center of joint rotation shifts distally (Maganaris, Baltzopoulos, &
Sargeant, 1999). A general linear trend exists between joint angle and maximal voluntary
dorsiflexion force, such that an increase in joint angle from filxgin to plantar flexion
is reflected by an increase in dorsiflexion force (Marsh et al., 1981; Fukunaga et al.,
1996; Frigon et al., 2007). Associated with the increase in joint angle is a 10 percent
increase in muscle length, a 60 percent increageeitifec tension of the TA (Fukunaga
et al., 1996), and a 30 percent decrease in the TA tendon moment arm lengthgi4ag
et al.,1999; Maganaris, 2000). There are changes in the biomechanical and physiological
characteristics of the TA during isometdorsiflexion contractions, regardless of joint
angle. In comparing resting stateatonaximal voluntary contractidiMVC), the TA fiber
length decreases (Simoneau et al., 2012) and there is a concus#@8b30crease in TA
tendon moment arm length (Magais et al., 1999; Maganaris, 2000; Maganaris et al.,

2001).

The TA is a symmetrically bipennate muscle with each unipennate side
contributing to 50% of its force generating capacity, assuming each side has equal

volume (Maganaris & Baltzopoulus, 1999)bér orientation in skeletal muscle impacts
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the lengthforce and forcevelocity relationships. Fiber length and consequentially

sarcomere length are shorter in a pennate muscle and as a result, a small change in muscle
length can be disadvantageous toetggithtension relationship (Narici, 1996). Both at

rest and during MVC the muscle fiber pennation angle decreases with a subsequent
change in joint angle from plantar flexion to dorsiflexion. Pennation angle is larger

during an MVC compared with restingatg (Maganaris & Baltzopoulus, 1999; Simoneau

et al., 2012).

Physiological crossectional area (PCSA) is a general representation of the
number of sarcomeres arranged in parallel,],
peak force generating capgc{Wickiewicz et al., 1984). The PCSA of the TA does not
correspond directly to the anatomical CSA because it depends on muscle volume and the
distance between the aponeuroses and the pennation angle (Narici, 1999). The average
muscle volume and the PCS#e greater in the plantar flexors compared with the
dorsiflexors, 5and 12fold, respectively (Fukunaga et al., 1996). With respect to the
dorsiflexor muscle group specifically, the TA comprises 57 percent of the total CSA
(Wickiewicz et al., 1984; Fukwaga et al., 1996; Nakagawa et al., 2005). At various peak
torques, Holmback et al. (2003) used isotonic dorsiflexion contractions to show that a

significant positive linear relationship exists between contractile CSA and strength.

Skeletal muscle is compes of type | slow twitch and type lla and Ilb fast twitch
fibers. Biopsies of the TA have been analyzed for the number of muscle fibers per fiber
type and percentage of CSA occupied by each fiber type (Nakagawa et al., 2005). In
terms of the total numbef @bers, type | fibers occupied 79.0 £ 1.6 percent of the TA

muscle. However, if fiber size (i.e., cressctional area) is considerelat percent
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composition is different. Type lla fibers have the largest diameter and are 70% greater in
crosssectionalarea than Type | and Type llb fibers. However, Type lla fibers are still
only 28% of the total crossectional area when considering size, and on¥ ©8the

muscle when counting the absolute number of fibers.

With these considerations for voluntary isetnic dorsiflexion contractions, joint
angle should be fixed to some levelptdintar flexionto maximize the TA torque
generating capacity and its contribution to overall dorsiflexion. Researchers have used
100 degrees (Marsh et al., 1981; Kasai & Komigad®90) and 120 degrees (Connelly et
al., 1999; KenBraun et al., 2002; McNelil et al., 2005; Nakagawa et al., 2005) but 110
degrees appears to be the ideal location for eliciting a maximum twitch response and
optimizing the lengttiension relationshipafhe TA t o obtain a true

Hope, & Sale, 1997).

2.2. Motor Control

A complex network of efferent motmeurons descends from the central nervous
system(CNS)to neuromuscular junctions for the regulation of skeletal muscle
contractions (De Luc& Erim, 1994). A motor unit (MU) is a descending alpha motor
neuron and all of the muscle fibers that it innervates (Basmajian & DelLuca, 1985)
(Figure 3). Motor unit number estimates have been performed on the TA using
decompositiorenhanced spik&iggered averaging from seEM@nd the results showed
thatthe TA contains 150 + 43 MUs (McNeil et al., 2005). The sgilggered averaging

technique is not as effective at high force levels (Taylor, Steege, & Enoka, 2002), so it is
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not surprising that Feiereisamd colleagues (1997) recorded 302 MUs in the TA during

an MVC.

During a voluntary contractiodUs are recruited in an orderly fashion according
to the amplitude of the twitch force generation (MikB#own, Stein, & Yemm, 1973
Andreassen & Arendtlielsen, 1987. Once a motor unit is recruited, the rate at which it
discharges is modulated during the force gradation process. A population of MUs
discharge in unison as a function of time and force, which indicates that the nervous

system controls dischargates of gpoolo f -mdiorneurons rather thamdividual MUs

(De Luca, 1985) . Referred to as 6commonbé

activation patt er-mosorneuronsadrréspoading to the iggemded s

muscle output (De Luc& Erim, 1994)He nne man 6 s stategthatgmaliernci pl e

motor neurons are recruited first in the force gradation process, which contributes to the
orderly modulation of skeletal muscle contraction and relaxation from a common source
(Henneman & Olsar,965). Feiereisen and colleagues (1997) had five subjects perform
maximal voluntary isometric dorsiflexion contractions to deterrthieecontribution of
individual motor units during force developme®ver 300 motor units were recorded

from the TA, all & which were recruited from 1% to 88% of MVC, and the meatomo

unit force was 98.3 + 93.3 Nm

During a linear increase in force there is a subsequent increase in MU discharge
rates that follows a negative exponential function (De Lucofitessa, 2012). Erim and
colleagues (1996) monitored MU discharge rates in the TA during isometric actions of
the dorsiflexors from 0 to 100% MVC and observed three phases of change. During the

initial part of the contraction from 10 to 20% MVC, the Midaharge rate exhibited a

d
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rapid increase. The second phase was characterized by a slower rate of increase while

force continued to rise until 70% MVC. From 70% MVC onward, there was then another

sharp increase in MU discharge rate. High threshold MUsitedrater have shorter

duration and higher amplitude twitdbrces, which, teleologically, should give rise to

higher discharge rates than low threshold MUs. However, initially recruited lower

threshold MUs tend to have higher discharge rates than higleshold motor units,

termed the 6onion skind phenomenon (DelLuca
for a length of timevithoutfatigue the MU pool tended to converge towards a maximum

discharge rate, greater than 35 pulses per second (Erim et &)., 199

All muscles followHe nne man 6 s Hennemanp& OlsanclOgd) dering
contraction, but the range of force levels (i.e1,00% MVC) over which new MUs are
recruited differs, depending on the size of the muscle. That is, each muscle hasr# differe
Airecruitment rangeodo. Smaller muscles gener
MUs up until 50% MVC. Force is then further modulated by discharge rate (Bigland
Ritchie et al., 1983; Seki & Narusawa, 1996). Force modulation by discharge rate is
termed Arate codingd (Kukulka & Clamann, 19
muscles such as the TA recruit new MUs up t988 and rate coding progresses up to
100% MVC (Feiereisen et al., 1997; Christie et al., 2009). Thetaloiéty of rate coding
hasbeendemonstrated in the TA by an increase in maximal discharge rate of MUs after a

training program (Van Cutsem, Duchateau, & Hainaut, 1998).

From the onset of the contraction until a steady force level has been achieved,
MUs can discharge twicewithao rt i nterpul se 1 nterval (< 1

Doublet firings have been observed in the TA preceding a noticeable increase in force by
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95 milliseconds, suggesting that there is a causal relationship between doublet firing and
a rapid increase iforce (Broman, De Luca, & Mambrito, 1985). Trainirejated

increases itherate of force development result in a higher probability of a doublet firing
(Van Cutsem et al., 1998; Garland & Griffin, 1999). It is postulated that the greater rate
of force deelopment associated with doublets is due to a greaféicGacentration in

the cytoplasm, increasing the likelihood of thé'@eeing used again before its uptake

(Garland & Griffin, 1999).

Motor units can also fire simultaneoushyore often than can latributed to
random occurrence, termed MU fisynchroni zat
been shown in all skeletal muscles with a greater prominence in the distally located
muscles, including the TA (Kim et al., 2001; Fling, Christie, & Kam&99. Similar to
doublet firings, synchronization is more prominent in trained individuals (Hayes, 1978;
Fling et al., 2009). Fling and colleagues (2009) found that synchronization was more
prominent at higher strength contractions (8@8sus 309MVC) in the biceps brachii

and first dorsal interosseous muscles.
2.3. Electromyography

Act i v at i-motaoneufon reshlts in the propagation of action potentials
that reach the motor endplate (Figure 3). The synapse at the neuromuscular junction is
chemicaly driven by the release of a neurotransmitter, called acetylcholine (ACh). When
the action potential reaches the terminal branch, veljaged C&" channels open,
allowing for calcium to enter the cell while ACh is released into the synaptic cleft. The

ACh binds to nicotinic receptors on the muscle cell membrane creating a depolarization
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of the cell membrane. The result is a muscle fiber action potential (MFAP), which
propagates bdirectionally along the muscle fibers (Masuda, Miyano, & Sadoyama,
1983).The motor unit action potential (MUAP) is created by the summation of MFAPSs
from each muscle fiber belonging to that particular MU (Figure 4). A sequence of
multiple MUAPS, with various dischargates and areas, repressnmotor unit action
potential train (MUAPT) (De Luca, 1975; Stulen & De Luca, 1978). The algebraic sum
(superimposing) of the constituent MUAPTs make up the basic components of the EMG
interference pattern (Figure 5) (Basmajian & De Luca, 1985; Kamendwel, 1996;

Day & Hulliger, 2001). The resulting interferengattern recorded fra within the

muscle (indwellingelectrodes) or from the sksurface (surface electrodes) is quantified

in both the amplitude and frequency domains.

2.3.1. Amplitude

The amplitude of the interference pattern has long been used as a general measure
of neural drive to the muscle (Farina et al., 2010). In a static voluntary contraction the
spikes can be combined into bins to create a frequéistiybution histogram of
anplitude values. The distribution of the histogram generally follo@s@assian
(normal) curve, especially for contractions lower than 70% MVC (Kaplanis et al., 2009).
Electrodes detect the algebraic sum of all the action potentials; like phases incligase wh
opposite phases decrease the overall amplitude when superimposed. The presence of
cancellation reduces the rectified signal amplitude (Day & Hulliger, 2001; Keenan et al.,
2006; Keenan & Valer€uevas, 2008). Keenen et al. (2005) used computer siongdati
to quantify the effects of amplitude cancellation ahdwed a 62% reduction at maximal

activation. With greater activation, the number of active motor units and the duration of
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Schwartz, J. H., and Jessell, T. M. (200®@)nciples of neural science. Fourth Edition.

Toronto, ON: McGraw Hill.
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Figure 1a, page 222.
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the actiorpotentials resulted in greater overlap between phases with opposite polarities.

2.3.2.Frequency

The frequency content of an EMG signal provides physiogdgnformation
including muscle fiber conduction velocitylFCV) and motor unit discharge rates
(Lindstrom & Magnusson, 1977; Lago & Jones, 1977; Lagln&es, 1981). It also
contains nofphysiological information from which unwanted noise can be identified
(Sinderby, Lindstrém, & Grassino, 1995; Baratta et al., 1998; Mello, Oliveira, & Nadal,
2007). The frequency content of any signal is determined bgidfanalysiswhich
calculates the constituent sine and cosine waveforms that can reconstruct the original
signalin a least squares sense. If the frequency of each sinusoid is plotted in relation to its
weighting coefficient (i.e., relative contributiom the overall signal) the result is a
spectrum of frequencies in the signal. The sum of the squared weighting coefficients is

signal power (or, energy) (Muthuswamy & Thakor, 1998; Harris, 1998).

In the case of EMG, the frequency distribution of a digaa provide important
information about active MUs. For example, MUs generally fire between 10 and 40 Hz
which may be observed as a spike in this region of the power spectrum, depending on the
contraction level (Lago & Jones, 1977; Lago & Jones, 1981 Bextel & Schomaker,

1984; Weytjens & van Steenberghe, 1984). The overall shape of the power spectrum,
which is positively skewed, is representative of the power spectrum of the MUs
contributing to the contraction (Figure 6) (De Luca, 1975; Lindstrom &rivason,

1977; Tanzi & Taglietti, 1981; Myers et al., 2003; Dimitrova & Dimitrov, 2003).

Ultimately, anything that affectdFCV, also affecithe spread of frequencies in the
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EMG signal (Stegeman & Linssen, 1992). The power spectrum exhibits a shift to the
right with increases in force as higher threshold MUs are recruited (Moritani & Muro,
1987; Bilodeau et al., 1990; Bilodeau et al., 1995; Christie et al., 2009). However, local
muscular fatigue results in a slowingMFCV and a shift to the left of theoprer

spectrum (Moritani, Muro, & Nagata, 1986; Kreghnd & Jgrgensen, 1992; Krogh
Lund & JBrgensen, 1993, L o wéwitch MU tiapbua n, &
may also be a contributing factor (Peters & Fuglevand, 1999; Carpentier, Duchateau, &
Hainaut, 2001; Adam & Deluca, 2005; Christie & Kamen, 2009). Thus, there is an
interrelationship between MFCV, Mtype, and the eerall spread of frequencies, which

is difficult to disentangle (Weytjens & van Steenberghe, 1984; Hermens et al., 1992).
Fortunatéy, we know that the overahape of the power spectrugeflects that of the

MU, so we also know that there is no physiological information beyon&t80Mz for

the surface signal (Zipp, 1978; van Boxtel, 2001; DelLuca & Hostage, BatRus et al.,
2011) 1000 Hz for the indwelling signal from wire electrodes (Backus et al., 2011), and
1500 Hz for needle electrodes (Christensen & Fugléarderiksen, 1986; Fuglsang

Frederiksen & Rgnager, 1988) when considering the overall interference pattern.

Muscle fber action potentials are affected by both physiological and technical
factors, such as: muscle fiber diameter, conduction velocity, electrode configuration, and
fiber position relative to the electrodes (Stashuk, 2001). The shape of the constituent
MUAP waveforms of the EMG signal is dependent on the configuration of the detection
electrodes and recording location relative to the muscle fibers. And, they ultimately affect

the amplitude and frequency content of the signals.
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2.3.3 Physiological Factors Affecting the EMG Signal

2.3.31. Sexdifferences

Some of the physiological factors that affect the EMG signal manifest themselves
through sex differences. The mean and median power frequencies of the SEMG signal
show greater increase with increasing force, in males compared to femalesgiB#bdde
al, 1992; Cioni et al., 1994; Pincivero et al., 2001). However, differences in frequency
characteristics from spectral analysis vary based on the muscle under examination
(Bilodeau et al., 1994; Pincivero et al., 2000; Backt al., 2011). For thEA, median
power frequency is lower in women than in men (Cioni et al., 1994; Lenhardt, MciIntosh,
& Gabriel, 2009). Some proposed mechanisms underlying these sex related differences in
the SEMG spectral parameters include: differences in skinfold thickbeda Barrera &
Milner, 1994; Nodander et al., 2003; GabriellRamen, 2009; Bartuzi, Tokarski, &
RomanLiu, 2010), fiber type characteristics (Moritani, Muro, & Kijima, 1985; Kupa et
al., 1995; Gerdle, Wretling, & Henrikssdrarsén, 1988; Gerdle et al991; Gerdle et
al., 1997), and fiber diameter (Lindstrom & Magnusson, 1977; Sadoyama et al., 1988;

Kupa et al., 1995).

Greater skinfold thickness in women has been correlated to a reduced level of
EMG magnitude and frequency content because subcutamesuestias been argued to
act as either a loywass filter (DeLuca & Merletti, 1988; Gath & Stalberg, 1978; Lowery
et al., 2004) or modelled as a purely resistive medium (Griep et al., 1982; Stegeman et al.,

2000; Tracey & Williams, 2011). Dimitrova et a2002) have suggested that the {ow
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pass filtering only affects the propagating components of the MUAP and not thesmuscle

tendon enekffects (or, terminal waves).

Moritani et al. (1985) summarized the characteristics of type Il fast twitch fibers
as havinggreater ATPase activity, leading to an increased rate fr€laase and uptake.
This results in faster conduction velocities, shorter action potential rise times, and a more
efficient T-system and sarcoplasmic reticulum. There are no significant ditkstm
fiber type distribution between men and women (Gerdle et al., 1997; Staron et al., 2000);
however, there is a significant difference in the cisesgtional area of all fiber types
between sexes (Kupa et al., 1995). During a contraction, fast twiisble fibers display
greater initial values of median power frequency BifCV than slow twitch fibers. As
the contraction progresses these values decrease at a greater rate in fast twitch fibers
(Kupa et al., 1995). Muscle biopsies have confirmed tienean power frequency
(MPF) is significantly correlated with the propimm of type | fibers during lowevel
contractions (Gerdle et al., 1988; Gerdle et al., 1997) and with therpoopof type Il
fibers at higHevel contractions (Gerdle et al., I99The relationship can be described
by an increase in MPF with a decrease in the percentage of type | muscle fibers, which is
accompanied by a greater percentage of type Il fibers (Gerdle et al., 1988; Gerdle at al.,

1991).

Greater relative area of fastitch fibers results in greater conduction velocities
due to less axial resistance to the flow of charge (Sadoyama et al., 1988). This can be
manifested in the power spectrum of the SEMG signal by a shift towards higher

frequency content (Lindstrom & Magason, 1977). In ternaf diameter, the TA muscle
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fibers are smaller in females than males (Henrikdsamsén, 1985). This provides insight

on why the mean power frequency of the sEMG signal is greater for males.

2.3.32. Fatigue and/or Serial Contractions

Muscle fatigue is defined as a decrease in maximal-fygoerating capacity of
muscle or the muscleds inability to regene
increase in perceived exertion (KéBrtaun, 1999; St. Clair Gibson, Lamnert, & Noakes,
2001; Dimitrova & Dimitrov, 2003). Muscle fatigue is divided into two general
components: peripheral and central muscular fatigue.-Bemin (1999) defined
peripheral fatigue as an inhibition of excitatioontraction coupling due to an
accumulation of itramuscular metaboliteSome factors includdactate production,
which causes proton accumulation increasing cell acidity; calcium accumulation from
decreased ability of sarcolemmal uptake/release; and decreased-pothissium
gradient on the cell meméne rendering action potential propagation less probable.
Central fatigue is a reduction in neural drive during efferent activation of the muscle
causing decreased force production or tension development (St. Clair Gibson et al.,

2001).

Three methods faneasuring central drive failure were used in a study on
fatiguing isometric ankle dorsiflexion (KeBraun, 1999). The fat method wathe
cental activation ratio, whicls a ratio between peak MVC and peak total force. The
second measure compared dieeline in MVC with declining tetanic force. Decreases in
this ratio indicate central activation failure. The third measure showed a failure in central

drive when there was a reduction in the integrated EMG amplitude, barring a reduction in
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the compound nscle action potential. The results of this study indicated that central
activation failure plays a significant role during fatiguing isometric MVCs. Central drive

failure contributed to approximately 20% of fatigue developed.

The physiological responsesrtaiscle fatigue manifest themselves in the power
spectrum of the SEMG signal. There is a shift in the power spectrum towards lower
frequencies due to a linear decrease in conduction velocity (ANzalden & Mills,

1985; Moritani et al., 1986; Broman, Bito, & De Luca, 1985; Merletti, Knaflitz, & De
Luca, 1990). However, other physiological factors also play a role in the spectral shift
(Bigland-ritchie, Donovan, & Roussos, 198A).change in the shape (left shift) of the

EMG power spectrum towards a requositively skewed curve with fatigue can also

result from derecruitment of previously active MUs (dropout) and the recruitment of new
MUs with lower discharge rates (Lloyd, 1971; Peters & Fuglevand, 1999; Carpentier et

al., 2001; Adam & DeLuca, 2005; Gstie & Kamen, 2009).

During a sustained MVC, MU discharge rate decreases by about 50% (Bigland
Ritchie et al., 1983; Peters & Fuglevand, 1999). The change in discharge rate is thought
to resist fatigue in two waysirst, the reduction in discharge rasedesignedo match
the slower twitch contraction speeds as fatigue progreSsesnd, the lower discharge
rate is thought to be minimally sufficient for tetanus and datapduction failure. This
phenomenon, ter med @ muscl iaforee ogedadanger, iI's des
duration while forestalling the onset of fatigue (St. Clair Gibson et al., 2001). At present,
the muscle wisdom hypothesis has only partial support in the literature, as there are other
mitigating factors (i.e., potentiation) thatraplicate the relationship between MU

discharge rates and MU contractile properties (Garland & Gossen, 2002; Fuglevand &
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Keen, 2003). Nevertheless, a decrease in MU discharge rates could also result in spectral

compression towards the lower frequencies (Mar et al., 1985).

2.3.33. Temperature Homeostasis

Regardless of whether subjects are performing fatiguing efatmuing
contractions it is important to monitor skin temperature to ensure that it remains
unchanged throughout the protocol. lon chakiredtics are affected by temperature,
which affects the propagation of action potentials. With cooling there is a net increase in
ion flow across the cell membrane because thecNannels remain opdonger due to

slower kinetic{Rutkove,2001).

The massed action potential {Mave) evoked by electrical stimulation of the
peripheral nerve represents all the active motor units with the associated muscle when the
peakto-peak amplitude is at maximur.reduction in temperature affects thlewave of
the signal in the following way&lower depolarization and repolarization of the action
potertial causes ito propagate more slowly and remain under the electrodes for a longer
period of time. As a result, the-Mave appears longer. The net increase ihpdaduces
a larger amplitude response (Hodgkin & Katz, 1949; Buchthal, Pinelli, & Rosenfalck,
1954; Troni, DeMattei, & Contegiacomo, 1991). Finally, the subsequent increthge in
refractory period also prevents reactivation of the membrane for a prdipeged
(Delbeke, Kopec, & McComas, 1978). The opposite effects occur with an increase in
temperature such that theraaipositive relationship between temperature and conduction
velocity (Troni et al., 1991) but an inverse relationship with both andaitutnd duration

(Rutkove, 2000).
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The changes in Mvave characteristics with temperature manifest themselves in
the overall EMG interference pattern. Winkel and Jagrgensen (1991) recorded sEMG
signals from the soleus muscle of six human subjects at ambmepétatures of 30°C
and 14°C. Cooling the skin temperature almost doubled sEMG signal amplitude with a
subsequent decrease in MU discharge rate. These findings were supported by Bell (1993)
who further demonstrated reduced signal amplitude in hot envirdanihe frequency
content of the sSEMG signal is also affected by temperature. There is a positive linear
relationship between temperature and MPF of the SEMG signal (Madigan & Pidcoe,
2002). Alterations in MPF are consistent with how conduction veloltgysate shape of
action potentialswhich isalsothe main determinant of the power spectrum. Thus, a lack
of methodological controls for temperature can cause misinterpretation of the SEMG

spectral characteristics.

Physiological responses or elevatedinmental temperature can cause the
individual 6s body temperature to increase,
protocol. When sweat is present on tkim surface it has a dampeninifeet on the
amplitude of the SEMG signal. No significantfdiences were found for the MPF
between dry and wet conditions (Abd&ramaki et al., 2012). Surface electrodes are
subject to greater movement artifact contamination of the sEMG signal when the skin is
wet from perspiration. Sweat can also cause a lossriact with the skin surface, which

reduces the amplitude of the sEMG signal (Roy et al., 2007).

Bigard et al. (2001) performed analyses on body weight, muscle performance,
blood chemistry, and EMG spectral parameters during fatiguing contractiortetmide

the relationship between dehydration and the SEMG power spectrum. Dehydration
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resulted in an earlier onset of fatigue and a shift in the power spectrum towards lower
frequencies, but there were no specific dehydration effects on the sEMG signal.
Furthermore, Evetovich et al. (2002) showed no differences in the amplitude and
frequency content during ndatiguing isometric contractions between euhydration and
dehydration states. Thus, hydration status does not appear to impact spectral changes in

theseEMG signal, other than determining the onset of normal fatiglaéed changes.

2.3.4 Technical Factors Affecting the EMG Signal

2.3.41. Electrodes

The main goal of analysing the EMG signal is to evaluate neuromuscular
function. There are physicidctors that alter the EMG signal independent of
neuromuscular function that can result in a misinterpretation of data. Electrode type and
configuration are amongst the first contributing factors to alterations in signal amplitude
and frequency content lebon pickup volume. ForEMG, a monopolar configuration
has the recording electrode over the innervation zone and the reference electrode over the
distal tendon of the corresponding muscle, and is primarily used for evoked potentials
(Roeleveld & Stegenm 2002;Bromberg & Spiegelberg, 199Nandedkar & Barkhaus,
2007). A bipolar electrode cagtiration is most oftensed in nortlinical applications
(Hermens et al., 2000). Both electrodes should be placed at least 1 cm distal to the
electrically identifed motor point and avoid straddling the innervation zone, which alters
the amplitude and frequency content due to the cancellation associated with differential
recording (Vigreux, Cnockaert, & Pertuzon, 19B& Sakamoto, 1996; Rainoldi,

Melchiorri, & Caruso, 2004; Mesin, Merletti, & Rainoldi, 2009). A more distal location
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also minimizes signal distortion associated with changes in shape of the muscle during

contraction (Mesin, Merletti, & Rainoldi, 2009).

Beck et al. (2007) evaluated the sEMNIgsce reldionship with monopolar and
bipolar recordings. There were significant differences between the two electrode
configurations with respect to mean amplitude value (MAV) and MPF of the EMG signal
but the overall relationship with force was the same whenahmes were normalized.
The monopolar interference pattern has a higher amplitude (Beck et al., 2007; Stock et
al., 2010; Gabriel, 2011), is lower in frequency content (Beck et al., 2007; Gabriel, 2011),
and is more sensitive to changes in force (Gabrgdl1p Several factors have been
suggested to contribute to a greater amplitude for the monopolar SEMG signal: greater
pick-up volume (Andreassen & Rosenfalck, 1978; Roeleveld et al., 1997), the influence
of thenflfiebdrect o on moeta.pldd9g 1999B)MGd lgokMe r | et t
common mode rejection (Winter & Webster, 1983; Tucker & Turker, 2005; Tucker &
Turker, 2007). However, if the examination room is electrically isolated, a monopolar
configuration is more desirable for sSEMG recordingresprve important information in
the EMG signal (Gabriel, 2011). Zipp (1978) suggests that a monopolar electrode
configuration is also beneficial because a variation in electrode position or contact area

presents no significant variation on the bandwidtthe EMG signal.

Electrode type is important when recording muscle activity because surface and
indwelling needle electrodes measure electrical activity from different volumes of tissue,
referred-upovask ump-nrvkiume s geperatlylaepted to be a
spherical volume of tissue with a radius the same distance as thel@uieode distance

(Lynn et al., 1978). Pickip volume therefore determines the selectivity of the recordings.
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The larger intekelectrode distances (IED=2 cm) associa&d with surface electrodes will
have a pickup volume that represents a much larger proportion of the muscle than
indwelling needle electrodes (B® um). Surface recordings are therefore less selective
than indwelling needle electrodes, as they detedhtbderence pattern from a large
number of MUs within muscle and potentially neighbouring muscle through volume
conduction (Gath & Stalberg, 1977; De Luca & Merletti, 1988; Dumitru & DelLisa, 1991;
Dumitru, 2000; Roloveled et al., 1997). The smalED for needle electrodes selective

enough to record MUAPs from within the muscle itself (Gath & Stalberg, 1976).

2.3.42. Volume Conduction

Volume conducted electrical activity from neighbouring muscle is referred to as
Acrtoalsko. Sol omoshawed clear eviddnce of (crits8kdytrg¢cording
electrical activity in a denervated muscle when a nearby muscle was active. They also
demonstrated that a layer of subcutaneous fat below the recording surface resulted in
greater cros$alk contaminationThe interference pattern is affected by the fiber
electrode distance, which is partially determined by the amount of subcutaneous tissue.
There is a decrease in the overall signal madeibut there are differentidfects upon
the two components of thHdUAP: the propagating versus ngnopagating (muscie
tendon enekeffects) portions. Figure 7 illustrates the two components of the MUAP. Both
components of the MUAP decrease in overall magnitude but the propagating wave
exhibits a dr ametdi ¢ orpevphgatngpodion. Tie restltastamn
increase in high frequency content of the SEMG associated with the nonpropagating
portion of the MUAP as it dominates the signal. Thus, the farther away the electrode is

from the signal source, the greater the ctafisis in form of high frequency components
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(Dimitrova & Dimitrov, 2006; Farina et al., 2002). These potentials are ofterred to

as fAfar field potential so and are due to

Crosstalk has been explored in human subjects in vivo to determine how much a
desired signal may be contaminated by the activity of neighbouring muscles. Mbgk a
Keir (2003)placed surface electrodes around the forearm to measure EMG of all the
muscles involved in rotation and gripping tasks. A cia®selation function was used to
deter mi ne how muexbktedbatweenrhe electsodeg. Reslit$ onefil
the presence of crogalk such that adjacent electrodes possessed the greatest percentage
of common signal (331%) and a larger distance between electrod@scf@) resulted in
less common signal {20%). Methods to reduce cresgk include: matheatical
differentiation (van Vugt & Dijk, 2000), decreasing the cresstional area of electrodes
(Winter, Fuglevand, & Archer, 1994; De Luca et al., 2012), decreasing interelectrode
distance (Zipp, 1982), and placing the electrodes away from the muactieb@Ninter
et al., 1994). Crostalk is an important consideration when using a monopolar
configuration because the discrimination index-086 lower than bipolar recording
(Zipp, 1982). To minimize the crosalk while using monopolar recordings, the
recording electrode (G1) should be placed at the source of greatest signal strength in the

endplate region of muscle (Dimitrov et al., 2003).

Technically surface and indwelling electrodes will record all potentials within the
finite volume of the limb. Ta radial detection volume underneath the surface electrodes
or surrounding the indwelling electrodes based on IED distance is meant to encapsulate
meaningful signal energy from neighboring motor units. Meaningful signal is based on

MUAP amplitude in compaon to background noise. For example, one operational
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Figure 7.(a) Differences in detection from the surface electrodeg$a result of varying
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Dimitrova, N. A. and Dimitrov, G. V. (2006). Electromyography (EMG) modelifigey

Encyclopedia of Biomedical Engineeririgigure 3, page 3.
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definition is based on radial isoelectric zones where the farthest distance for a muscle
fiber isone that contributes less than 1/100 of the signal energy of a muscle fiber at 1 mm
depth, directly beneath the surface electroderigaet al., 2002; Fuglevand et al., 1992).
Likewise, for indwelling electrodes, the farthest radial distance is the gtaittich the
peakto-peak amplitude of the MUAP is attenuated by 90% (Gath & Stalberg, 1978). It is
important to keep in mind that the operational definitions also depend on technical

aspects related to the electrode detection system.

In practicality, thenumber of MUs that may be identified from highly selective
indwelling quadrifilar needle recordings ranges from 5 td/Lis during contractionap
to 80% MVC (NawabWotiz, & De Luca 2008). Quadrifilasurfaceelectrodedave
recently been developed acandetect MUAPSs from the skin surfadeitial research has
identified 16 to40 MUs duringcontractiors up to 100% MVC (Nawab, Chang, & De
Luca, 2010; Farina et al., 2008). Even though considerably more MUs may be detected
by surface electrodes, simulatiavork estimates that 20 to 22% of the total MU pool of a

muscle is detected by a bipolar verausionopolar configuratiofFarina et al., 2008).

2.3.43. Compartmentalization

Muscle compartmentalization also has an impact on selectivity. Cadaver studies
have shown that descending nerves to human muscles (flexor carpi radialis, extensor
carpi radialis longus, lateral gastrocnemius, and biceps brachii) have divisional
innervation to multiple compartments of the muscle (Segal et al., 1991; Segal, 1992). In
vivo, fine wire electrodes have been inedrinto multiple sites of theagtrocnemius

muscle, demonstrating that activity from each partition in the muscle is selectively
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different depending on the motor task (Wolf, Segal, & English, 1993).
Compartmentalization is especially important for indwelling needle recordings, which
selectively sample only a small portion of the overall MU pool due to the small IED.
When using indwelling needle electrodes, multiple needle insertions and adjustmgnts ma
be required for optimized MU sample size to represent the entire muscle (Christensen &
FuglsangFrederiksen, 1986; Podnar & Mrkaic, 2003; Podnar, 2004).

Surface EMG recordings are dominated by the superficial muscle fibers where the
signal energy is thgreatest (Lynn et al., 1978). Previous research has demedstnat
a correlation exists betweamplitude andhearea between surface and needle
recordings (Stalberg, 1980). Knight and Kamen (2005) recorded muscle activity at
various depths using inaNing needle EMG to demonstrate that larger MUs are found
closer to the surface and smaller MUs are located deeper in the muscle. The larger MUs
generally constitute fast twitch fibers, which can create a recording bias that alters the

interference pattaraccording to the properties of these fibers (Stalberg, 1980).

2.4. Measures of Electromyography

2.4.1. Traditional Measures

The traditional measure used to evaluate the amplitude of the EMG signal is the
rootmeansquare (RMS) amplitude (Appendd. TheRMS amplitudevalue depends on
the power of the signal, which means it is affected by the number and discharge rates of
MUAPTSs. It is not however, affected by cancellation, making it a better measure than the
average rectified value (ARV) for looking aME activity across various force levels

(see Figure 8) (De Luca & Vandyk, 1975; Keenan et al., 2005). If the following
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assumptions are acknowledged, the RMS measure is directly proportional to the square
root of the generalized discharge rate: 1) with no change in force there is no redruitmen
2) MUAP area does not change, and 3) MUAPTSs are not cross correlated (De Luca,

1979).

Two common frequency measures are used to characterize the power spectrum of
the signal: mean power frequency (MPF) and median power frequency (MDF) (Stulen &
De Luca, 1981). These measures are located on the positively skewed power spectrum
such that the meda greater than the median (Farina & Merletti, 2000). Appendix D
shows how to calculate the power spectral density (PSD) function, as well as the MPF
andMDF measures in the frequency domain. Bilodeau et al. (1992) shbateal
somewhat no#linear relationship exists betwebkath the MPF and MDF and force for
the anconeus muscle. There are contradicting viewpoints in the literatluneespect to
therelationship between frequency measures and force, which is likely due to the strong
relationship with fiber type (Gerdle et al., 1988). Researchers have demonstrated that
physiological properties can manifest themselves in the power spectrum, whiah &s see
shifts in the MPF and MDF measures. For example, fatigue is associated with a decrease
in these frequency measures (AreNiklsen & Mills, 1985; Moritani et al., 1986;

Broman et al., 1985; Merletti et al., 1990). Other physiological factors re@atdt) t
discharge characteristics play a role in spectral shifts but are still under investigation
(Lloyd, 1971, Peters & Fuglevand, 1999; Carpentier et al., 2001; Adam & DelLuca, 2005;

Christie & Kamen, 2009).

2.4.2. Nontraditional sEMG measures
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Non-traditional quantification of the SEMG interference pattern has evolved
through similar work on the indwelling recordings as a means to identify neuromuscular
disorders (Finsterer, Mamoli, & FuglsafRgederiksen, 1997). A large number of
guantification measures Y been proposed and the reader is directed to the following
reviews for a complete analysis the subject (Fuglsasfgrederiksen, 2000; Finsterer,

2001). The current review will be delimited to those measures obtained from both surface

and indwelling recalings.

Traditional measures are based on the power spectral characteristics of the EMG
signal. In contrast, interference pattern analysis uses discrete measures extracted from the
signal to quantify some aspect of its shape. It has been demonstratéer@mtipatient
populations Magora & Gonen, 1970; Magora & Gonen, 1972; Toulouse et al.) E9@P
during the force gradation process in albtelied participants{omi & Viitasalo, 1976;

Gabriel, 2000; Gabriel et al., 200That different types diU activity patterns result in
distinctly different interference patterns@sntified by its shape. The indwelling and
surface interference patterns have been quantified in the following ways: zero crossings,

turns, and the number of spikes (Finsterer, 2001).

2.4.2.1.Zero Crossings

Background muscle electrical activity at rest determines a threshold that the signal
must exceed to count as a baseline crossing. The number of times the signal crosses this
baseline over a specifioterval constituteghe fizerocrossinge per unit time (Finsterer,

2001). Interference pattern analysis from a needle EMG signal has demonstrated that

there is a continuous increase in the number of zero crossings per 100 ms during a
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gradual increase in force up to 50% MVC (Christeretead., 1984)During evaluation of

the SEMG signal, Kaplanis and colleagues (2009) faulkear increase in the number

of zero crossings per second from 10% to 100% MVC inlbabtked males and females.
Wave duration is another type of zero crossingheu s e t he fAwaveo i s
signal deviation from baseline (positive or negative) until its return to baseline (Fusfeld,
1971, Sica, McComas, & Ferreira, 1978). Wave duration increases in proportion to the
number of zero crossing (Fusfeld, 1971). Waluaration, determined from the number of
zero crossings per unit time, has been studied in patients suffering from denervation
neuropathies and myopathies. Tgahologicainterference pattern obtained by a needle
electrode had higher count rates andt@ravave durations, leading the authors to
conclude that this measurement technique is a possible diagnostic tool (Fusfeld, 1971;

Fusfeld, 1972; Sica et al., 1978; Vatine et al., 1990).

Differences between the indwelling and surface signal in the nushzero

crossings have been observed: 177 versus 100 zero crossings per second for indwelling

and surface EMG, respectivelyysfeld, 1971; Grabiner & Robertson, 1985; Robertson
& Grabiner, 1985). Unfortunately, the two 1985 studies by Grabiner and Rubes{zort

the number of zero crossing as a percentage of MVC while Fusfeld (1971) gives an

absolute force level, making a comparison of the two studies rather tenuous. Preece et al.

(1994) recorded the number of zero crossings per second from surface\aatiimg

needle EMG in the TA and rectus femoris muscles. The average number of zero crossings

per second was similar between neeathd surface for the TA, 272 versus 267

respectively. However, Preece et al. (199dmonstrated that the findings mayrbascle
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dependent as the zero crossings per seconchelltby needle was higher (324

compared to surface EMG (1)3@ the rectus femoris muscle.

2.4.2.2 Number of Spikes

Similar to zero crossings, an isoelectric baseline is used to establish a threshold
The positive and negative turning points of the interference pattern that surpass the
threshold are summed to provide the nundfespikes per unit time (Finsterer, 2001).
There is a positive linear relationship between muscle force and total actiatigdote
(spike) count. However, action potential (spike) count does not provide insight into the
underlying MU activity patterns that result in an increase during the force gradation
process (Close, Nickel, & Todd, 1960; Komi & Viitasalo, 1976; Grabiner &drson,
1985; Robertson & Grabiner, 1985). The number of spikes per unit timaxnsver
affected by both fatigue and neuromuscular disorders. There is a marked decrease in the
frequency of spikes per second under conditions of muscle fatigue (Shethlna 984,
Shochina et al., 1986; Vatine et al., 1990) while higher spike counts are found in

myopathic disorders compared with normal controls (Fusfeld, 1971).

The number of spikes counted depends on recording technique, data window
length, and thresha criteria used by the researcher. There is also the difficulty of
reporting absolute force versus percent MVC to make comparisons across studies. For
example, Close and colleagues (1960) reported action potential (spike) counts from
needle recordings rgmg from 150 to 1800 per ten seconds of data with increases in
absolute force. In contrast, the number of spikes per one second of data ranged from only

5 to 40 as force increased from 0 to 100% MVC for sEMG (Komi & Viitasalo, 1976;
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Viitasalo & Komi, 1977%. The threshold level for spikes detection affects the sensitivity
of the relationship between spike counts and fdfes;ishigher thresholds reduce the
correlation between spike counts and force (Robertson & Grabiner, 1985; Grabiner &
Robertson, 1985)t was concludethat there was a poor relationship between spike

counts and the level of muscle activation as measured by SEMG.

2.4.2.3Turns

Turns amplitude analysrequires a given threshold (~100 put¥at must be
attained between the preceding and following turning points of signal for a turn to be
counted. Several variables have been created from this méa@igensen & Fuglsang
Frederiksen, 1991; Finsterer, 200tLirns/second, amplitude/turn, treio between these
two variablesand duration between turns (Jgrgensen & Fugtsaaderiksen, 1991;
Finsterer, 2001). During the force gradation process, the number of turns per 100
milliseconds for indwelling needle EMG increases gradually untb@® MVC and then
there is no further change with increasing force (Christensen et al., 1984). The number of
zero crossings also increases simultaneously with the number of turns (Christensen et al.,
1984; Nandedkar, Sanders, & Stalberg, 1991). Differencé®inumber of turns
between healthy individuals and patients with neuromuscular disorders have been shown
to have high diagnostic value (Kurca & Drobny, 2000). Higher turns/second and lower
amplitudéturn in the TA was evident in individuals with myopahiDioszeghy et al.,
1996). Using a concentriteedle electrode, Christensen &udjlsangFrederiksen (1986)
showeda relationship between the high/low frequency ratio of the power spectrum and
turns, suggesting that these measures may reveal diffetegtees=en controls and

patients with neuromuscular disorders.



43

Turns analysis has also been performed on the surface electromyogram for the
masseter muscle where the avenagmber of turns for 500 milliseconds of data was
reported to range from approximatdl00 to 175 (Junge, 1993). During the simultaneous
recording of surface and needle EMG, Preece et al. (1994) demonsiedtdae number
of turns per seaal is also muscle dependentilie TA, values averaged 41T2ns f@r
second for surface and 490a needle EMG, whereas in the rectus femoris \@lue

averaged 260.8urns per second for surface and &46.needle EMG.

Philipson and Larsson (1988) evaluatiked EMGforce relationship with surface
and indwelling needle electrodes. Both tiamd zer@rossing for SEMG increased
linearly up to 50% MVC, plateauing at 75% MVC. Qualitatively, inspection of the
figures presented in the paper indicates that turns anecressingdor the indwelling
EMG followed the same pattern as observed for the suEM®. Unfortunately, the
spread of scores for indwelling activity, as assessed by the overall standard deviation at
each force level, resulted in a pattern that was too diffuse to allow for-t&Niisce
prediction. Therefore, differences in the variabibfymeasures obtained for surface
versus indwelling EMG recordings may be an issue when attempting to compare the

methods.

2.4.2.4.Spike Shape

The measures described in the preceding paragraphs do not always accurately
represent the same characteristithe MU. For example, the duration of a spike can
vary based on MU superposition and the degresiofmation or cancellation, and as a

result do not always reflect the duration of the individual MU. Magora and Gonen (1970)
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explainedt h ahe chéracterist of a MU still preserved in a full interference pattern is

the shape, as demonstrated by its peaks. Each of these spikes has a certain number of
peaks, representing the active, superimposed.MJs A s pi ke was defined
upward and downward deflBons that cross baseline and a peak was defined as a pair of

upward and downward deflections that do not cross the isoelectric baseline.

Magora and Gonefl1970; 1972sed concentric needle electrodes to evaluate the
characteristics of spikes in the d@l@enyogram. The number of peaks per spike (NPPS)
provides information about the active MU by accounting for all superimposed MUs. The
greatest portion of spikes contain one peak in normal subjects (~ 50%) followed by ~25%
with two peaks and so on. Occurces of more than ten peaks ppike are very rare and
the greatest percentages of spikes contain five or fewer peaks (MaGanzen, 1970;

1972. In these Magora and Gonen studiesjtools were compared to those with nerve
degeneration. As expected,os$ of MUs was evideim the nerve degeneration
populationby 70-80% of spikes containing one peak, reflecting an increase in
synchronization and summation. Compariseese also performed between normal and
myopathic individuals and the opposite was sag¢he NPPS values with only about
25% of spikes containing one peak, many rqudtaked spikes, and spikes containing
more than ten peaks wetemmonin the myopathic populatiofMagora & Gonen,
1970). In the case of myopathic individuatsuscle fiber dyp-out requires existing MUs
to discharge at greater frequencies for a given force level. The activity ptidls is
thereforeasynchronous. Compensatory recruitment of additibtus at a given force
level would also result in an increasdhie NPPS which is evident aafuller

interference pattern at lower force levedsnura, 1989, p 270
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Magora and Gonen (1975) again examined spike shape with concentric needle
electrodes, to examine the amplitude characteristics of the spikes. Average spike
ampitudes were 400 to 600 pV reaching magnitudes as high as 1000 and 2000 pV.
Individuals with a neuropathy displayed a large portion of giant spikes in various
different muscles. The increase in amplitude is a result of anatomic reorganization of
denervateanuscle fibers through axonal sprouting and enlarging MU territories and/or
synchronous discharges of multiple MW8roura, 1989p 269). Although spike shape
amplitude is helpful for diagnosing neuromuscular diseases, Magora and Gonen (1975)
recommendethis technique in combination with other more pertinent

electrophysiological findings.

Viitasaloand Komi( 1 975) concept uatbriudteaentiddoe Aaver
AMUP of differentially recorded sEMG obtained at the motor point wherein spikes
exceeding certain threshold (120 pV) were averaged, similar to the spike &dger
averaging of indwelling motor unit action potentials developed by Lang (1971). The
AMUP is not equivalent to a spike triggered MUAP. Rather, it is the triggered average of
individual spikes within the interference pattern. Reakeak amplitude, rise time,
duration, and number of spikes (individual MUPS) per second were used to evaluate
alterations in MU activity patterns with increases in force (Komi & Viitasalo, 1976) and

fatigue(Viitasalo & Komi, 1977).

Komi and Viitasalo (1976; 1977) matieeoretical connections between
alterations in the AMUP and MUs contributing to the interference pattern. For example, it
is known that high threshold MUs have greater amplitudes, shorteiotisraand shorter

rise times than low threshold MUBhe AMUP increased in amplitude, had a shorter rise
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time, and occurred in greatnumber with increasing force levels, suggestive of high
threshold MU recruitment (Komi &iitasalo, 1976; Viitasalo & Kmi 1977). Alterations

in the number of spikes per second were attributed to either an increase in discharge rate
of active MUs and/or due to the recruitment of new MUs (Viitasalo & Komi 1977). The
authors cautioned that the validity of such conclusionddvaguire more extensive

work, presumably using simultaneous surface and indwelling needle recordings.
However, the AMUP measures were sensitive to alterations in force and the onset of

musclefatigue.

A thesis by Mark Flieger (1983) completed under tinectionof Dr. Walter
Kroll at the University of Massachusetts, combined the indwelling EMG measures
advocated by Magora and Gonen (1970) with the SEMG measures of the AMUP
developed by Viitasaland Komi(1975)but replaced rise time with slope. Tgealof
the thesis was to document alterations in MU activity patterns during practice of maximal
isotonic elbow flexion at different percentages of forearm inertiapth males and
femalesUsing standard bipolar surface recordings over the belly of theleqddieger
(1983) extracted five measures from the SEMG interference pattern data window: mean
spike amplitude (MSA), mean spike frequency (MSF), mean spike slope (MSS), mean
number of peaks per spike (MNPPS), and mean spike duration (M&®ORAppendi
forformulas The di fferent measures were fAtheore
MU activity. The MNPPS measured synchronous versus asynchronous discharge patterns
(Magora and Gonen, 1970) while MSA, MSF, MSS, and MSD were used to indicate
recuuitment (Viitasaloand Komj 1975). Viitasalo and Komi (1977) acknowledged that

MSF and MSD could also be related to discharge rate. It is interesting to note that
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Viitasalo and Komi (1977) showed that MSF could also change independently of MSD.
This may k@ due to that fact thdlSF was obtained by the number of spikes per second
from the interference pattern whereas the M&i3 obtained from the AMUP where the

spike averaging may have affected the outcome.

Gabriel (2000) recognized the potential to stivtly activity patterns while using
SEMG, a nonnvasive technique. First, the reliability of the five spike measures
developed by Flieger (1983) was establisidte SEMG activity from the bicerachii
was recorded during nemesisted, maximal isotonic @i flexion. The measures were
found to be highly reliableR’= 0.850.93) over multiple test sessions spanning-two
weeks, and they exhibited systematic changes with increases in elbow flexion torque. The
study was significant because it shovtkat SEMG cald bereliably recorded during
dynamic muscle contractions, which are typically problematic (Farina, 2006). The
sensitivity of the five spike measures to experimental manipulation was then evaluated.
The goal was to determine if the changes in the fikeegpeasures could reveal
Aknowno MU a duringestablishepexperimentahcenditions, such as local
muscular fatigue and increasing levels of force. In both cases, alterations in the five spike
measures were consistent with predictions for &ttivity patterns based on indwelling

recordings (Gabriel et al., 2001; Gabriel et al., 2007).

The fivespike measures described by Flieger (1983) have thus far been used in
clusters independent of each other based on their original conceptions by kiadjora
Gonen (1970) and Viitasabnd Komi(1975). However, systematic patterns of changes
in the five spike measures simultaneously, consistent with known MU activity patterns

for fatigue and force gradation, motivated the development of a pattern cléissifica
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Tablel. Pattern classification table demonstrating the expected changes in each of the
five SEMG spike shape measures representing MU firing patt@aisiel, D. A. (2011).
Effects of monopolar and bipolar electrode configurations on surface PM& s

analysisMedical Engineering and Physic33, 10791085.Table 1, page 1080.

Motor unit firing pattern Five SEMG spike measures

MSA MSF  MSS MSD MNPPS

Increased firing frequency -
Increased recruitment y
Increased synchronization %

N <
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table (Gabriel et al., 2007; see Table 1). The pattern classification table required the
evaluation of alfive measures be used simultaneouslipetter discriminate between

types of MU activity patterns underlying the SEMG signal. The original idea by Magora

and Gonen (1970) that differeiiU activity patterngesult in spike shapes that are

quantitatively different from one another is stileperved. Independently, Komi and
Viitasalo (1976) also refer to the fisharpn
recruitment of high threshold MUs. Thus, the pattern classification table developed by

Gabriel et al. (2007) has been referreinhthe | | t er at ure as HAspi ke s

SEMG signal.

Traditional amplitude and frequency analyses (RMS and MPF, respectively)
suffer from the problem that differeMU activity patterns can resutt similar changes
in both measures simultaneously. For example, MPF can increase due to an increase in
MU discharge rates or the recruitment of higher threshold Mda Boxtel &
Schomaker, 1983; Moritani & Muro, 198Gamet & Maton, 1989 Similarly, the RMS
amplitude may also increase due to increas®IU discharge rates or the recruitment of
higher threshold MUs (Moritani & Muro, 1987; Fuglevand, Winter, & Patla, 1993). The
patternclassification table for spike shape analysis of the SEMG signaigmnidicant
development because no two patteoh1U activity can produce the same changes in all
five measures simultanedysFurthermore, each measure is theoretically lirtkexd

different physiological aspect of MU activity.

To date, spike shape dysis for the SEMG signal has only indirect support by
changing in a predictable manner in response to experimental conditions with well

known MU activity patterns. Work is now focused on more direct assessments of
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validity, which is an ongoing processadnverging evidence from multiple sces

(Messick, 1995). Simultaneous surface and indwelling needle EMG recordings on
patients suffering from specific neuromuscular disorders with-kvelivn compensatory

MU activity patterns is a powerful validation testue (Muro et al., 1982Hermens,

Boon & Zivold, 1984;Blanchi & Vila, 1985;Toulouse et al., 1992Calder et al. (2008;
2009) obtainedimultaneous surface and indwelling needle EMG recordings of the flexor
carpi radialisn normal controls, patientsith repetitive strain injury, and a sample at risk
for the disorder, during ramp isometric contractions from 0 to 70% MVC. Spike shape
andysis of the sEMG signalot only identified the underlying MU activity patterns but

also discriminated between thedh separate groups.

Gabriel et al. (2011) recently combined both experimental and modelling
techniques to evaluate spike shape analysis of the SEMG signal during ramp isometric
contractions of the elbow flexors from 0 to 100% MVC. Modelling and simulatam
used because it is methodologically difficult (but, not impossible) to obtain indwelling
recordings of motor unit action potentials over 80% MVC. Experimentally obtained
indwelling MU recordings were used as inputs to the model (Christie et al., Z0@9)
observed sEMG was then used to solve the inverse problem. Tloagnspure that the
simulated MU activity patterns resulted in synthetic SEMG sighalsare comparable to

those obtained experimentally.

The spike shape measures extracted from the synthetic and experimentally
obtained sEMG signals followed the same patterns of change with increases in isometric
force. The alterations were consistent with predicted MU activity patterns obtained by

indwelling needle EMG during the saragperiment (Christie et al., 2009). THEMG
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model allowed a sensitivity analysis for the amount of subcutaneous tissue; it affected the
absolute magnitude of the five spikleape measures. Theangein MSF, MSD, and

MNPPS incease with force. Since modeling and simulation work have indicated that
theamount of subcutaneous tissue may be a threat to validity of spike shape analysis of
the sEMG signal, the present thesis work will compareehsitvity of five spike shape
measures fromsurface versus indwellirgMG, with increases in isometric force during

step contractions from 0 to 100% MVC.
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Chapter 3: Methods

3.1 Participants

A convenience sample ahiversitystudentg24 males and 24 femalgages 185
from Brock University wasecruited for the present studarticipantseviewedand
signedanassessment of physical health stgRisysical Activity Readiness
Questionnaire; PAR)) and an inbrmed consent document thatluded approval from
the Brock Uhiversity Research Ethics Boardl@027) (see Appendix A)Participants
variedin physical training experiendrut right-leg dominance was requireghdfree of

orthopaedi@bnormalitiesand neurological disorders

3.2 Experimental Setup

All testing wascompleted wthin a grounded Faraday cadrarticipants wereseated
in a testing chaiso thathehip and knee werixed at 90 degreewsith the anklefixed at
20 degrees of plantflexion (Figure 9. A padded bar secured on top of the foot s&ro
the dstal metatarsal regiaadlowed participants to perform isometric actions of the
dorsiflexors A restraint vaslowered on top of the knee to prevent extraneous movement
minimize activity from synergistic muscleandisolatethe tibialis anterior muscle.
Restraints were aldastened across the particip@itap and chesor further security
Force wasecorded from a load cell (JR3 Inc., Woodland, CA) secured to the foot plate

beneath the distal metatarsals.

An oscilloscopeTetronix, TDS 460, Beaverton OR) wasused to provide real

time feedbackabout the quality of the EMG signfabm the needle electroda.speaker
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(Advent, 1002 Lake Mary, FI) wasconnected to the oscilloscope to relay auditory
feedback to further evaluate EMG signal quality (Spieteal., 1992; Okajima et al.,

2000; Daube & Rubin, 2009B0th visual and auditory feedback is important for
determining the correct location inside the muscle to maximize the $@nalse ratio.

The investigatormacde micreadjustments of the needlesetrode to hona on a sharp

signal providing a good representation of motor unit activity within the muscle (Stashuk,
2001).A second oscillscope Hitachi, VG-6525 Woodbury, NY wasdisplayed tdhe
participant providing reaime fealback of his/heforce, whichensuré that contractions

wereperformed at the desired percentage of maxinmalantary contraction
3.2.1. Subject Information and Anthropometric Measurements

Participantgrovided demographic information including age, weight, height, and
training and physical activity backgrourmdhthropometric measurements of the lower leg
werethen collected as follows: lower leg length (fibular head to laterdeoiak), lower
leg circumferene (mid-calf), whole footlength(calcanes to distal first digit), lateral
malleolus to bottom of fodength lateral malleolus to metatars&sgth and calcaneus

to metatarsalkength(see Appendix B)
3.2.2. Surface Electromyography

Small areas of thébialis anteior and patellar tendon weshaved, lightly abraded
(NuPreff’; Weaver and Company, Aurora, CO, USANd cleansed with alcohdlhe
motor point was thealectrically identified as the @a where the lowest voltageoducel
a minimally visible twitch of muscle fibers beneath the skonductive electrode gel

(Signal Ge?; Parker Laboratories, Fairfield, NJ, USAxsapplied toAg/AgCl
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electrodesGrass FE9, Astro-Med Inc., West Warwick, RI), placed in a monopolar
configurdion on the ibialis anterior.This means the recordirgjectrode waglaced over
the motor point and a secon@etirode (reference electrode) wdaced over the distal
tendon of the musclé 5 cm ground electrodg€F5000;Axelgaard Manufacturin@O.,
LTD, Fallbrook, CA) waplaced on the lateral malleoluskin-electrode impedance was
measured pre and post testing session with an impedance@etes EZM5Astro-Med

Inc., West WarwickRI) ensuring that the valuewbse | ow 10 kq.
3.2.3. Indwelling Eletomyography

The skin surfacaround thesurface electrodeasfurther sterilized with
ChloraPreff One Step (Chlorhexidine Gluconate 2% wi/v and isopropyl 70% v/v
solution) A ground electrode wgdaced on the patell&n intramuscular 1.5 inch, 25
gauge quadrifilar needle electrode with a reference electrode inside the cannula (Viasys
Healthcare UK; Surrey, Englandjsinseredata 30-45 degreangle Auditory
feedbackvasused tadetermine when the electrode has pdgtirough the fascia entering
into the muscleWithin theneedle cannultherewerd our 50em di-ameter
iridium wires epoxied in a side pdttat allonedfor several MUs to be detectethis
electrodeemairedin the muscle for the duration of thesting protocolNeedles

underwen®4-hour ethylene oxide gas sterilization before reuse.
3.2.4. Signal Collection Equipment

Muscle electrical activity recorded by the passivéamie and needle electrodes was
passed to an amplifi¢Grass P511Astro-Med Inc., West Warwick, Rl The surface

EMG signal wadandpass filteredbetween 3 and 300 Hnd the needle EMG signal

p |
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wasbandpass filtered between 1 and 10 kHz (Brownell & Bomberg, 2009; Brown et al.,
2010). Foreach signal the gain wadstermined accordingly for the target contraction

level in order to maximize the resolution on the 16 bit analdgukgital converter (NI
PCI6052E; National Instruments, Austin, TX, USA) for storage on a Dell Pentium 4
Processor (Dell; Round Rock, TMSA). Force and EMG signals wesampled at 25.6

kHz using a computdrased data acquisition systédASYLab; DASYTEC National
Instruments, Amherst, NH, USAData wassaved with .ASCII and .13f2le formatsfor

off-line reduction and analysis.

3.3.Experimental Protocol

Participant{N = 48 wereasked to attend the Electromyography and Kinesiology
Laboratory for two sessions separated by a minimum of 24 hbhedirst session was

familiarization session and thend session walsetesting protocol.

3.3.1. Familiarization Day

During this first dayparticipantgead the information letter outlining study
requirements, potential risks and benefits, and providfiermed consent for their
voluntary participationTheythen read and siglthe FAR-Q survey.The investigator
then collectdanthropometric measurements as outlined aldéwelly, the participants
were seatea the testing chair and perfoed2-3 contractions at 20, 40, 60, 80, and
100% MVC to become familiar with the tasgkstructionsveret o A p ul | up hard
against the bawyhile not using your toes hold,and thercompletely relax when

instructed at the end. o
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3.3.2. Test Day

Participantsverepreparedor recording electrical activity from the tibialis anterior
with surfaceand needle electrodess outlined in 3.2.2. and 3.2The testing chawas
adjusted according to the participantos
isometricdorsiflexioncontractionsOnce all electrodeserein position, the participant
wasasked to perform threegecond maximal voluntary contractions separated by three
minutes of restParticipants perforedthree consecutivieve-seconccontractiongtrials)
at eachpercent (20%, 40%, 60%, and 8PMVC. There was three minutes of rest
between each contractiofihe corresponding force levels welisplayed on the real time
feedback oscilloscop&ith two horizontal linegositioned at: 2.5% ofthe targetThe
order of presentation of the submaximal conditmasbalanced across subjecThe
protocolencedwith an additional three MVCs with the same wéokrest ratio to test for

the presence of fatigu€igure D).

3.4.Data Reductionand Analysis

The impedance and temperature measures recorded from the beginning and end of
the testing sessions were analyzed using a patesd to observe any changes over the
course of the protocol. Similarly, mean maximum force, RMS, and MPF for sEMG
activity for the first versus second presentation of the 100% MVC conditvens

analy®d using a pairetdtest todetect the presence of fatigue.

Surface and indwelling EMG signals were reduced in Matlab (The Mathworks Inc.;
Natick, MA, USA) to determine the tracdthal measures (romheansquare amplitude,

mean power frequency, and median power frequency) and the five spike shape measures
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(MSA, MSF, MSD, MSS, and MNPPS). The measures were calculated fresecofd

window centred at the most stable portion (x 2.5%4he contraction (Figure 11).

All data were first screened for the presence of outliers as defined by a value 3
standard deviations greater or less than the n&awness, kurtosis and normal
probability plots were used to test for the assumption ahabty. Ma uc h| efgr6s t est
sphericity was performeab part of the repeated mesasuapalysisof variance models to
determine if there was a significant difference betwbewlifferences in variance

between conditiondeld & Miles, 2010.

Several preminary splitplot factorial ANOVAs were performedThe first model
had one between groups factor (males versus females) and two within groups repeated
measures factors (contraction levels andgyidlhe goal was to determinkthe data for
males andemales coulde collapsed across trials to simplify the analyBhese
analyses were carrieait for each surface and indwelling measiitee final splitplot
factorial ANOVA was used to compare each criterion measure for surface versus
indwelling EMG. There was one between groups factor (electrode type) and one repeated
factor within groups (contraction levels). Orthogonal polynomials were used to compare
changes in criterion measures across force levels between the two electrodEypes.
focus was ora comparison of trends (linear, quadratic, cubic, and/or quarticg
means across force levels between electrode types. Statistical procedures were performed

in SAS® (SAS Institute Inc.; Cary, NC, USA) with alpha set at the 0.05 probability level.
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Figure 9 Experimental set ugsubjectsnvereseatedn the testing chair with redime
feedback of their force from the oscilloscope (A)second oscilloscope (B) and a
speaker (Eyvereused as redaime feedback for the experimenter to hone in on motor
units. Surface, needle, and ground electrodes are shown as C, D, and F respétievely.

load cell is located beneath the metal foot plate (G).
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100% 100%
80% MvC
60% MvC

0% MVC
20% MVC I I I | | |

Figure 10 Experimental protocoEach block represents asBcond contraction at a

given level of MVC (20, 40, 60, 80, or 100%) and the space between blocks represents 3
minutesof rest between contractiornsrey blocksvereperformed in a balanced order

across subjects.
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Figure 11 Single trial depiction of force and EMG datta100% MVC The top four

EMG channels represent the muscle electrical activity recorded from each channel of the
guadrifilar needle electrode. The bottom channel represents the muscle electrical activity
recorded from the monopolar surface electrodes. Force is shawithe surface EMG

channel.
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Chapter 4: Results

4.1.Participants

ParticipanfFemales: N=24; Males: N=24) characteristics are presented in Table
2. Skin impedance and temperature were recorded from the TA before anteafte
testingprotocolThe average skin i mpedghhWeprattcal r e as e ¢
significance can be placed on small <change
within the accepted range for sSEMG (Hewson et al., 2003). The average skin temperature
increased 0.3tlegrees Celsiusg{1 YoWhile the change was small, it was statistically
significant £<0.05).It could be argued that a comparably small change might alter the
SEMG signal (Winkel & Jgrgensen, 1991; Rutkove, 2000); however, a balanced
presentation of expnental conditions ensures that there was no order effect associated

with a change in muscle temperature.

Table 2. Means and standard deviations for

Participant Characteristics Mean + SD

Age (years) 21.77 £1.88

Height (cm) 170.50 £ 26.72

Weight (kg) 71.46 + 16.28

Low Leg Length (cm) 37.92 +2.68

Calf Circumference (cm) 37.42 £ 2.59

Foot Length (cm) 25.08 £ 1.74

Malleolus to bottom of foot (cm) 7.64+1.01

Malleolus to metatarsal (cm) 12.26 +1.74

Calcaneus to metatarsal (cm) 16.15+2.04
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4.2.Data Screening

The datavere analyzed for agreement witte statistical assumptions prior to
running the repeated measuaemlysis of variancBANOVA). Means and standard
deviations were calculated feach vaiable and plotted to shodistribution
characteristicsThere were no values outside of 3 standard deviations from the means.
The normal probability plots supported the skewness and kurtosis measures for each cell,
all of which were under 3. Maughld s t est of sphericity showe:c
homogeneity of variances was violat@d(.05). As with any statistical test, power
depends on sample size. Large deviations from sphericity can ksgmiircant with a
small sample size while smakdations can be significarfigld & Miles, 2010). Thus,
the results must be interpreted within the sample size context. In the case of the present
study, the variance of indwelling measures was on average 6 times greater than that
observed for the surfaaneasures. When the numbers between groups are equal and the
sample size is large, thetest is robust to even extreme violations in these assumptions
(Glass, Peckham, & Sanders, 1972). Further, polynomial trend testing was used as a
primary evaluationdol which is the recommended approach when the homogeneity of

variances is violatedl@bachnik & Fidell, 200).

All trials recorded using indwelling EMG had a minimum of three bipolar
channelssome had up to fouEach of tle first threechannels changead the same way
across force for each measure. As a result, the three indwelling EMG channels were

averaged across force and the resultant measures were used for data analysis.

4.3.Gender
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A split-plot factorialANOVA was performed on each criterion nsege for all
channels to test for an interaction between males and ferfile®were no significant
interactions for all but the following: MS@® = 0.005). Given the sample size and the
observed probability values, the observed interaction was deerhedrtwial since
males and females exhibited the same statistical tré&igisré 13. In general,le
relationship between males and females foldihe same trends dsase described by
Lenhardtet al. (2009), who found no differences between the griougdation tosEMG.

Therefore the data were collapsed into one group for analysis

4.4.Fatigue

The data were analyzed fibre presence of fatigue from beginningetal of the
testing protocol. Force was averaged for the first three trials and théhfieatrials,
which were all prformed at 100 percent of MVC. There was a {d4%b,t = 2.22;p =
0.03 decrease in MVC force while RM8§6%,t = 1.39;p = 0.17 and MPF p2%,t = -
1.33;p = 0.19 for surface recordings remained unchanged. Sirfildings were
observed for the indwelling EMG. The small magnitude of the observed changes are
considered trivial, which is consistent with previous findings wherein a similar number of
isometric contractions at different percentages of 100 percent MVi@esent within the
same test session in balanced order (Gabriel et 8i7)20verall, EMG data did not
exhibit the classic signs of muscle fatigue: a decrease in MPF and an increase in RMS

amplitude (ArendNielsen & Mills, 1985, Moritani et al., 1986).
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Figure 12. The interaction term fdSS of the third indwelling EMG channkeétween

males and females was significant; however thensméallowed the exact same quadratic

increase with increasing forcghis was the only channel of each of the measures than

showed a significant interaction.
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4.5.Surface versus Indwelling EMG

Figures 13 through 13how the indwelling needle andriace EMG activity with
increasingorce from 20 to 100% MVC, in successi®reliminary analysis of the plots
indicated that the criterion measures for each of the three channels followed the same
trends. All three indwelling channels were therefore averaged to generate one mean value
at each force level for each measure tadrapared with the SEMG means. A sipliot
factorial ANOVA was then performed on the means for the surface and indwelling EMG.
There was one between grouping factor (electrode type) and one within (force levels).
Orthogoral polynomial testingvas used to compare changes in criterion measures across

force levels between the two electrode types.

4.5.1.Amplitude

RootMeanSquare Amplitude

There was a significant interaction between electrode tyffpegsd = 154.39p <
.0001).0rthogonal polypomial testing further revead significant differences for the
linearand quadratic trends. Figure d8picts the means and standard deviations for RMS
across force levels fdoth electrode type3able 3presents the trend analysssociated
with Figure 18 While force increased, there was an overall significant linear increase in
RMS anplitude for both surface and indwelling EMGne linear trend component
accounted for the greatest portion of variance in means across force levels; it was 96%
and100% for surface and indwelling, respectiv@iilie RMS amplitude for sSEMG also

exhibited a quadratic increaséf).
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Mean Spike Amplitude

There was a significant interaction between electrode t¥fegd = 127.78p <
.0001).0Orthogonal polynomial tessig further reveadsignificant differences for the
linearand quadratic trends. Figure d@picts the means and standard deviations for MSA
across force levels fdoth electrode typeSable 4presents the trend dgsis associated
with Figure 19 Therewas an overall significant linear increase in MSA for both
electrode types with increases in for¢he linear trend component accounted for the
greatest portion of variance in means across force levels; it was 95% and 86% for surface
and indwelling, resgctively. The MSA for SEMG also exhibited a significant quadratic

increase (4.7%) while indwelling EMG did not.

4.5.2.Frequency

Mean Power Frequency

There was a significant interaction between electrode t¥fegd = 46.33,p <
.0001).0rthogonal palnomial testing further revead significant differences for the
linear and cubic trends. Figure @picts the means and standard deviations for MPF
across force levels fdoth electrode type3able Spresents the trend alysis associated
with Figure20. While force increased, there was an overall significant linear decrease in
MPF for both electrode typeghe linear trend component accounted for the greatest
portion of variance in means across force levels; it was 67% and 94% for surface and
indwelling, respectivelyHowever, the actual pattern of decrease was different between
the two electrode types. The MPF for sEMG exhibited a quadratic reduction (28.2%)

while indwelling EMG followed a cubic decrease (3.4%).
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Mean Spike Frequency

There was a sigficant interaction between electrode typEg 47¢ = 117.68p
<.0001).0rthogonal polynomial testing further revedsignificant differences for the
linear, quadrac, and cubic trends. Figure 2&picts the means and standard deviations
for MSF acrosgorce levels for bdt electrode types, while Tablegpesents the trend
analysis associated with the figuBnth electrode types exhibited a different overall
relationship with forceThe quadratic trend component accounted for the greatest portion
of variance (89.9%) for SEMG which exhibited an increase fror6@% of MVC
followed by a subsequent decrease until 100% MContrast, a linear increase
accounted for 95.6% of the indwelling EMG varianieerthermore, the secondary trend
components were ntite sameThe increase in indwelling EMG MSF was highly
curvilinear, plateauing at 80% MVC so that both quadratic (2.6%) and cubic (1.6%) trend

components were significant.

Mean Spike Duration

There was a significant interaction between electrode tyfpesd = 6.76,p <
.0001).0rthogonal polynomial testing further revedsignificant differences for the
linear and quadhtic trend components. Figure @@picts the means and standard
deviations for MSD across force levels for both electrode type$e whable 7 presents
the trend analysis associated with the figliteere was an overall significant linear
increase in MSD for both electrode types with increases in fdrbée linear trend
accounted for the greatest portion of the variance for indwdlMG (93.2%), it was

less than half the variance for SEMG (41.8%)e remaining portion of the variance in
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SEMG MSD was accounted for by a quadratic trend (58.1%) component. In contrast,

indwelling EMG followed a cubic (6.2%) increase across force levels

4.5.3 Other Spike Shape Measures

Mean Spike Slope

There was a significant interaction between electrode tyfgesd = 5.35,p =
0.0003).0rthogonal polynomial testing further revedsignificant differences for the
linearand quadratic trends. Figure @8picts the means and standard deviations for MSS
across force levels fdoth electrode type3.able 8presents the trend alysis associated
with Figure 23 0Only the SEMG MSS exhibited significant increases with fofte.
linear trend component accounted for the greatest portion of variance (97.4%) while the

rise was slightly quadratic (2.6%).

Mean Number of Peaks Per Spike

There was a significant interaction between electrode t¥pesd = 4.75,p =
0.001).0Orthogonal polynomial testing further revedsignificant differences for the
linear and cubic trends. Figure @dpicts the means and standard deviations for MNPPS
across force levels fdoth electrode type3able 9presents the trend alysis associat
with Figure 24 Both electrode types exhibited a different overall relationship with force.
The linear trend component accounted for the greatest portion of variance (80.5%) for
SEMG which exhibited a decrease with foricecontrast, the linear tren@mponent
account for only 46.1% of the indwelling EMG variance but the means increased.

Furthermore, the secondary trend components were not the Haengecrease in
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MNPPS for sEMG follows a quadratic pattern (17.5%) while the increase for indwelling

EMG was cubic (53.3%).
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Figure 13 Single trial depiction of force and EMG datia20% MVC The top four EMG
channels represent the muscle electrical activity recorded from each channel of the
guadrifilar needle electrode. The bottom channel represents the muscle electrical activity
recorded from the monopolar surface electrodes. Force is shawithe surface EMG

channel.
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Figure 14 Single trial depiction of force and EMG datiz40% MVC The top four EMG
channels represent the muscle electrical activity recorded from each channel of the
guadrifilar needle electrode. The bottom channelasgmts the muscle electrical activity
recorded from the monopolar surface electrodes. Force is shown over the surface EMG

channel.
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Figure 15 Single trial depiction of force and EMG datia60% MVC The top four EMG
channels represent the muscle eleatractivity recorded from each channel of the
guadrifilar needle electrode. The bottom channel represents the muscle electrical activity
recorded from the monopolar surface electrodes. Force is shown over the surface EMG

channel.
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Figure 16 Single tral depiction of force and EMG da# 80% MVC The top four EMG
channels represent the muscle electrical activity recorded from each channel of the
guadrifilar needle electrode. The bottom channel represents the muscle electrical activity
recorded from tbh monopolar surface electrodes. Force is shown over the surface EMG

channel.
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Figure 17 Single trial depiction of force and EMG datta100% MVC The top four

EMG channels represent the muscle electrical activity recorded from each channel of the
guadrifilar needle electrode. The bottom channel represents the muscle electrical activity
recorded from the monopolar surface electrodes. Force is shawithe surface EMG

channel.



