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Abstract

The main

objective of this research

surface electromyographic

was

to

(SEMG)

was

to

examine the relationship between

spike activity and force.

The secondary

objective

determine to what extent subcutaneous tissue impacts the high frequency

component of the

examining the relationship between measures of

signal, as well as,

SEMG spike shape

and

and frequency analogues.

their traditional time

A total of 96 participants (46

males and 50 females) ranging

generated three 5-second isometric step contractions

at

in

age (18-35 years),

each force level of 40, 60, 80, and

100 percent of maximal voluntary contraction (MVC). The presentation of the
contractions

was balanced across

subjects.

the sagittal plane, with the shoulder

The

right

and elbow flexed

arm of the
to

subject

was positioned

in

90 degrees. The elbow rested on

a support in a neutral position (mid pronation/mid supination) and placed within a wrist

cuff, fastened

Inc.,

below

The

the styloid process.

Woodland, CA) recording

wrist cuff

was attached

the force produced. Biceps brachii activity

was

monitored with a pair of Ag/AgCl recording electrodes (Grass F-E9, Astro-Med

West Warwick, RI) placed
(IED) of

2cm

distal to the

window of data

The

in the

motor

point.

Data analysis was performed on a

results indicated that all spike

80% MVC. The

1

second

middle of the 5-second contraction.

suggest that increased motor unit

to

Inc.,

in a bipolar configuration, with an interelectrode distance

0.01) differences as force increased from

up

(JR3

to a load cell

(MU)

shape measures exhibited significant (p

40

to

100% MVC. The

<

spike shape measures

recruitment was responsible for increasing force

results suggested that further increases in force relied

on

MU
in

synchronization.

The

results also revealed that the

thickness) had no relationship (r

spike

(MNPPS), which was

=

0.02;

p>

subcutaneous tissue (skin fold

0.05) with the

the high frequency

mean number of peaks per

component of the

signal.

Mean

spike

amplitude

(MSA) and mean

traditional

measures root mean square (RMS) and mean power frequency (MPF),

respectively (r

Keywords:

=

0.99; r

=

spike frequency

0.97;

p<

(MSF) were highly

correlated with their

0.01).

ELECTROMYOGRAPHY, BICEPS BRACHII, SPIKE ANALYSIS, STEP
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CHAPTER 1: DEVELOPMENT OF THE PROBLEM
Introduction

(EMG)

Electromyography

is

the

measurement of

muscle. Recording skeletal muscle activity

(ECG

or

EKG), which

similarity

an

EKG,

is

similar to recording an electrocardiogram

is

The

the recording of the electrical activity of cardiac muscle.

between the two measures

is

the

method of recording

To measure

the activity.

electrodes are placed on the chest, allowing the electrical activity of the heart

(cardiac muscle) to be measured.

muscle

skeletal

electrical activity within skeletal

When

recording an

to record the electrical activity

are similarities in recording methods, there

is

EMG,

electrodes are placed over

from the muscle of

interest.

Though

there

a distinct difference. Cardiac muscle

contracts in a regular pattern, therefore, the signal recorded will have a consistent and

reproducible shape (Figure

contract

is

a

is

(MU),

it

the

EMG recorded when a skeletal muscle

pattern (Fuglsang-Frederiksen, 2000) (Figure 2).

basis of the

EMG pattern originates from individual motor

the smallest functioning structure in the neuromuscular system.

depicted in Figure

fibers

However,

complex interference

The physiological
units

1).

3,

and

is

defined as a single alpha motor neuron and

De

innervates (Basmajian and

constructed of

many motor

depends on the following

MUs

(Finsterer, 2001).

'

muscle
is

(MUAPs). The development of the

number of MUs

recruited, their size, shape

architecture, firing rates, duration of firing, time of recovery,

between

the

Luca, 1985). The interference pattern (IP)

unit action potentials

factors: the

all

A motor unit

and

IP

and

level of synchronization

S/A node
Atrial

contraction

A/V node

Ventricular
contraction

BOG

Figure

1. Illustrates

the recording of an electrocardiogram

(1998). Principles of Bioinstrumentation. John

5.12, page 174.

Wiley

(ECG

or

EKG). Norman, R.A.

& Sons, New York, NY, Figure

Figure

2. Illustrates the

complex interference pattern recorded from a

Kelley, D.L. (1971). Kinesiology: Fundamentals of

Inc.,

Englewood

Cliffs,

NJ. Figure 12-1, page 163.

skeletal muscle.

Motion Description. Prentice Hall

Spinal cord

Spinal

nerve

Muscle
fibres

Figure

3.

A motor unit is comprised of the motor neuron and all of the muscle fibers

innervates. Basmajian, J.V., and

De

Luca, C.J. (1985). Muscles Alive: Their function

revealed by electromyography (5th ed.). Baltimore,

1.7,

page

12.

it

MD:

Williams

& Wilkins,

Figure

Since the mid 1920's needle electrodes have been the gold standard for measuring

MU. However,

the properties of the

limitations.

Needle electrodes directly record and quantify the activity of the

Though needle

number of electrodes or
the activity of the

is

not representative of total muscle activity. Therefore, a

insertion into multiple sights

in greater

discomfort to the subject or patient.

movement can cause

same

provide insight into

electrodes pick up signals from

electrodes, giving a

measures are highly

Two

sights

other limitations include

These limitations have motivated the

EMG.

Surface electromyography

is

a measure of global muscle activity, as the

MUs

more complete

within a larger volume of tissue than indwelling

picture of muscle function. Further, surface

reliable, pain free

have motivated recent advances

EMG

and do not cause discomfort. These advantages

in interference pattern analysis

(IPA) techniques, as a

MU activity patterns.

The dominant approach
measures: root-mean-square

to

IPA

is

based on using both time and frequency

(RMS) amplitude

frequency (MPF) and median power frequency

is

a time measure, while

(MDF)

Frequency analysis does have two main disadvantages.
stationarity.

to

MU over multiple test sessions, and that electrode

distortion of the true signal.

increased use of surface

to assess

must be used

whole muscle. Increasing the number of electrodes or insertion

the ability to record the

means

MU.

electrodes provide this distinct advantage, they can only monitor a limited

number of MUs, which

can result

with every technique there are advantages and

Stationarity refers to the stability of the

over the duration of the signal (Bilodeau

et al, 1997).

mean power

are frequency measures.

First is the

mean and

requirement for

standard deviation (S.D.)

This limits frequency analysis to

contractions wherein the force-level

not dynamic). Therefore,

is

relatively constant or

more dynamic contractions of interest

rehabilitation cannot be studied with this technique.

different

in sport

(i.e.

and

A second problem is that

several

MU firing strategies can produce the same pattern of change in RMS and MPF,

which makes

this

form of analysis somewhat ambiguous (Farina

focuses on an alternative method of surface
individual spikes within the EP

shape

changing very slowly

itself is

is

EMG analysis,

determined.

It is

et al,

wherein the average shape of

important to state that the absolute

meaningless. Only changes in the average shape are used to

inferences about changes in

MU firing patterns, thus the term

and a peak. Each of these

is

make

'spike shape analysis'.

Spike shape analysis deals with two major components of the
are a spike

2002). This thesis

EMG signal, they

defined in the definition section of the thesis.

Figure 4 illustrates the difference between a spike and peak. In Figure 4 the base of each
spike crosses an isoelectric line and

top.

The peak

analysis

is

is

denoted by squares, whereas, circles identify the

contained within a spike and

is

a time

is

denoted with an 'x\ Spike shape

domain measure and does not have

as frequency analysis, therefore,

the

same

stationarity requirements

more functional dynamic contractions may be

Furthermore, spike shape analysis

is

studied.

based on five different measures that describe the

average waveform. The five measures are

mean

spike amplitude

(MSA), mean spike

frequency (MSF), mean spike slope (MSS), mean spike duration (MSD), and

mean

number of peaks per spike (MNPPS). Mean spike amplitude

number of

MUs

recruited,

MSF is

are indicative of

a global measure of

MU firing rate.

muscle fiber type, as higher threshold

is

related to the

Mean

fibers will

and a decreased duration. Mean number of peaks per spike

is

spike slope and

MSD

have an increased slope

related to synchronization

of

MUs. As MUs

asynchronous
taken together

are recruited the

firing pattern.

at the

1).

will

become

greater, indicating a

more

Patterns of changes of each of the five measures must be

same time

occurred (refer to Table

MNPPS

between the

to differentiate

Therefore, spike shape

analysis because no two patterns of

same way (Gabriel 2000; Gabriel

The computer algorithms

is

less

MU firing pattern that has

ambiguous than power

spectral

MU activity can alter the average spike shape in the

et al,

2001a).

for calculating the spike shape

by Gabriel (2000). This paper was the

first to

pool the five

measures were published

EMG measures together to

determine the average shape of the individual spikes within the

EMG signal, and that the

average shape of the spikes exhibited deterministic changes with training. In the same
paper, the intraclass reliability correlation coefficients (ICC) of the five measures

recorded during dynamic contractions performed across multiple days was demonstrated

to

range from good to excellent with ICCs of 0.8 to 0.9.

spike amplitude

(MSA) and mean

spike frequency

equivalent to their time and frequency analogues

Two

of the measures,

mean

(MSF) were then demonstrated

RMS

and

to

be

MPF respectively (Gabriel

2000; Gabriel etal, 2001a).

Statement of the Problem

Traditional time and frequency analyses are ambiguous,

meaning

that different

MU firing patterns can cause the same result in amplitude and frequency analysis.
However,

the measures are well established. In contrast, spike shape analysis

definitive,

though

it is

not an established form of analysis.

is

more

Biceps Brachii

Figure

4.

SEMG

Interference Pattern

Depicts the difference between a spike and a peak in an interference pattern. The

base of each spike crosses an isoelectric line and
identify the top.

The peak

is

is

denoted by squares, while circles

contained within a spike and

is

denoted with an 'xY

Table

1.

Predicted changes in the Surface

EMG spike parameters for alterations in MU

recruitment.

Five

SEMG Spike Measures

Motor Unit Firing Pattern

MSA
Increased Firing Frequency
Increased Recruitment
Increased Synchronization

MSF
T

MSS

MSD

MNPPS

Purpose

This thesis examines the relationship between the five spike measures and force.
Participants will perform isometric

elbow flexion contractions

(MVC)

percent of maximal voluntary contraction

to

at

determine

if

40, 60, 80, and 100

the observed changes in

1.

The

biceps brachii increases force output by recruiting additional motor units up to

88%

the five measures follow the predictions for "recruitment" outlined in Table

(Kukulka and Clamann, 1981),
as higher threshold

motor

rate

coding

is

units are recruited

then responsible for further increases. So

up

to

88%

MVC the IP will become more

asynchronous. The potentials from higher threshold motor units are greater
shorter in duration, and they have faster rise-time then

will contribute to an increased

latter indicating

MVC

low threshold motor

in

magnitude,

units.

This

MSA a decreased MSD, and an increase in MNPPS.

more asynchronous

The

activation.

Secondary Purpose

A secondary purpose is to describe the effect of subcutaneous tissue on the
MNPPS.

Fat, fascia,

and skin are known

recorded on the skin surface. The
signal.

To

It is

important to

know

to

to serve as a

MNPPS

also be

and

MSF) and

what extent subcutaneous

their traditional time

filter

for

constitutes a high frequency

further the secondary purpose, the relationship

(MSA

low pass

EMG signals

component of the

tissue impacts the

MNPPS.

between the spike shape measures

(RMS) and frequency (MPF) measures

will

documented.

10

Hypotheses

The hypotheses were generated from

the predictions outlined in Table

recruitment and frequency as per the findings of Kukulka and

1.

Mean

spike amplitude

Table

1,

(MSA)

Clamann

80%

for

(1981).

will follow the predicted pattern of

with a linear increase to

1,

change

MVC and plateau from 80 to

in

100%

MVC.

2.

3.

Mean

spike frequency

Table

1,

Mean

spike slope

1,

4.

5.

(MSF)

with a linear increase from 40 to

(MSS)

Mean

spike duration

Table

1,

80%

(MSD)

Mean number
in

1

,

1007c

will follow the predicted pattern of

of peaks per spike

Table

change

MVC and plateau from 80 to

with a linear decrease from 40 to

change

in

100% MVC.

will follow the predicted pattern of

with a linear increase to

change

will follow the predicted pattern of

in

Table

MVC.

change

in

100% MVC.

(MNPPS)

with a linear increase to

will follow the predicted pattern of

80%

MVC and plateau from 80 to

100% MVC.

6.

As

skin fold thickness increases, there will be a decrease in the

MNPPS

within

the interference pattern.

7.

Spike shape measures will be correlated with their traditional time and
frequency analogues.

11

Significance of the Study

Spike shape analysis
unit activity patterns.

It is

being advanced as a non-invasive

is

important to

test the

way

predicted changes under

conditions to further establish validity and outline factors that affect

such as subcutaneous
spike shape analysis,

fat.

it

As evidence

is

to

its

monitor motor

known

interpretation,

gathered regarding the reliability and validity of

can offer a safe alternative for monitoring motor unit activity

during dynamic contractions as occurs in both sport and rehabilitation.

Assumptions

1.

The

interference pattern recorded at the skin surface represents the activity of

motor

2.

Elbow

units in a deterministic way.

flexion force

activation

3.

from the

is

dominated by the biceps brachii without substantial co-

triceps brachii

muscle group.

The multiple contractions required

in the

experiment will not induce

substantial muscular fatigue.

Delimitations

1.

Right arm dominant individuals.

2.

College age individuals will participate in the study.

3.

Only isometric contractions

4.

The biceps

brachii

is

will

the only

be used.

muscle

that will

be studied.
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Limitations

1.

Since only the dominant arm will be tested, the results

may

not apply to non-

dominant limb.

2.

Only college age individuals

will be tested, therefore, the study

may

not be

generalizable to older adults.

3.

Since isometric contractions will be studied, observed changes in spike shape

may

4.

Only

not occur for other contraction types, such as isotonic contractions.

the biceps brachii will be studied, thus, the predicted changes in spike

shape only apply

to this

muscle.

Definitions

Isometric Contraction: The muscle generates tension without an appreciable change

in

length.

Isotonic Contraction:

The muscle changes length

against a constant external load.

Electromyography (EMG): The measurement of muscle

action potentials through true

use of indwelling or surface electrodes

Joint torque:

A dominant agonist muscle force pulls on the

segment then applies a force
the load cell

Motor

Unit:

is

recorded

at

limb segment. The limb

thai is parallel, inline with the load cell.

a perpendicular distance

A single alpha motor neuron and all

away from

Force recorded on

the axis of rotation.

the muscle fibers that

it

innervates.
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Deterministic: Motor unit activities can be described by a mathematical formula or

function.

Peak:

A peak is defined as consisting of an upward and downward deflection

within a

spike that does not qualify as a spike, however, a spike with a single peak are determined

to

be the same.

Spike:

Is

composed of

isoelectric baseline

a pair of

upward and downward deflections

and are greater than the

Noise within the surface

EMG signal:

before, between, and after spikes that

Is

95%

that both a cross zero

confidence interval for baseline noise.

determined

to

be deflections that are present

do not themselves meet the aforementioned spike

criteria.

Mean

Spike Amplitude:

Is

the average size of spikes within the

EMG signal in a given

period of time.

Mean Spike

Mean

Frequency: The average number of spikes occurring

Spike Slope: Describes the average

Mean Spike

Duration:

Is

rise

time of the spikes within a time period.

an indicator of the average time

descending sides of the spikes to cross the baseline

Mean Number of Peaks Per

in a period of time.

in a

it

takes for the ascending and

given period of time.

Spike: Provides the average number of peaks on a certain

number of spikes.

Interclass Correlation Coefficient: Assesses the reproducibility of a measure.
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CHAPTER 2: REVIEW OF LITERATURE
Motor Units

A MU is

a motor neuron and

all

the muscle fibers

innervates (Basmajian and

it

Luca, 1985). Figure 5 illustrates the composition of a single
in size

MU. Motor units

De

can vary

depending on the size and function of the muscle. Motor units can range from

having 3

to

2000 muscle

movements such

as the

motor action such

Motor

fibers.

The smaller

MUs

found

units correspond to the

I)

MUs,

There

is

a mixture of

fast twitch oxidative

in the

muscle

fibers they innervate:

(Type Ha) and

De

Luca, 1985).

slow twitch oxidative

fast twitch glycolytic

Motor

unit

A is comprised of 3

Each muscle

fibers.

how MUs

(Type

lib)

MUs.

muscle fibers and

MFAPs

motor unit action potentials (MUAPs). The individual

MUs

(MUAPTs). The

must

are

MUAPs

create a muscular response, the basic building block of the

pattern,

contribute to the

is

added together
are then

EMG signal.

repetitively fire creating

MUAPTs

MU B

fiber has a unique recordable response,

termed muscle fiber action potential (MFAP); these

potential trains

are associated with gross

MU types throughout the whole muscle, and they are progressively

comprised of 2 muscle

complex interference

MUs

limbs (Basmajian and

recruited with increases in force. Figure 6 depicts

interference pattern.

are generally associated with fine

hand or eye muscle while the large

as those

(Type

MUs

are then

motor

added together

to

form

added together

To

to

create the

unit action

to create the

interference pattern (Figure 7).
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Spinal cord

Spinal

nerve

Muscle
fibres

Figure

5.

A motor unit is comprised of the

innervates. Basmajian, J.V., and

De

motor neuron and

page

of the muscle fibers

it

Luca, C.J. (1985). Muscles Alive: Their function

revealed by electromyography (5th ed.). Baltimore,

1.7,

all

MD:

Williams

& Wilkins, Figure

12.
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Origin of the

The

basis of the interference pattern stems

MFAPs. The
in

EMG Interference Pattern
from the production of numerous

MUAP is the summation of MFAPs belonging to that MU as

both directions along each muscle fiber from

it

propagates

motor endplate (Basmajian

its

& De

Luca, 1985).

The
fiber, the

characteristics of the

MFAP are dependent on the

diameter of the muscle

conduction velocity, the location of the fiber with respect to the electrode, and

the electrode configuration (Stashuk, 2001).

importance

to the construction of the interference pattern as

time that the electrical signal
skin surface

The conduction velocity

(Kamen

is

of great

determines the length of

strong enough to be amplified and then recorded at the

& Caldwell,

3 to 6 m/s, with the average about

1996).

The conduction

4 m/s (Basmajian

Factors that contribute to the shape of the

filtering, differential electrode filtering,

of the muscle fibers (Merletti

it

is

velocity of

& De Luca,

MFAPs

1985;

De

range from

Luca, 1997).

MUAP waveform include spatial

conduction velocity, and the depolarization zone

et al, 1999).

During a constant force isometric contraction

MUs

the spatial filtering characteristics remain constant

and the recruitment of

unchanged, therefore the only factors affecting the

MUAP potential is the conduction

velocity and the depolarization zone (motor end plate)

action potentials have a unique shape and amplitude,

(De Luca, 1997). Motor

which

is

is

unit

determined by the

geometric array of the excited muscle fibers and the distance with which these fibers are

from the recording electrode. The amplitude of the
with needle electrodes, though an average value

is

MUAP can be recorded up to 5 mV

500 U.V (Basmajian

& De Luca,

1985).
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The duration of MUAPs

is

As

a function of conduction velocity.

conducted more slowly, the duration of the

action potentials are

MUAP increases (Stashuk, 2001).

Adipose Tissue

Surface

EMG evaluates the whole muscle.

pick up a signal that passes through a
(Refer to Figure

subcutaneous

As
principle

the

8).

fat

number of tissues

(fascia, adipose tissue,

EMG signal (Bilodeau et al,

has a direct effect on the surface

in force production,

(Henneman, 1957). This suggests
slow twitch muscle

that the

it

follows the

muscles

These

muscle

Henneman

low

at

must

and skin)

As

fibers result in a higher frequency signal.

It

size

and the signal

the activation increases,

which correspond

fibers are then recruited,

1990).

levels of activation

fibers that are highly fatigue resistant,

generated will be composed of low frequency components.
the fast twitch

the surface electrode

Researchers have established that skin thickness and level of

muscle increases

will first recruit

However,

to

higher force levels.

has been reported that these tissues

contain properties that create low pass filtering effects, therefore cutting the higher

frequencies out of the interference pattern.

Bilodeau and colleagues (1990) determined that as force increased during
extension of the forearm, triceps activity had no significant change in the

anconeus muscle exhibited significant changes
contraction.

of the skin

The authors suggested

at different

recording

than the anconeus recording

in

while the

MPF during varying levels of

that the conflicting results

sites; the triceps

MPF,

recording

were due

site

was

to the thickness

3.2 times thicker

site.
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Figure

8.

Represents the tissues (muscle, fascia, adipose, and skin) that the

must pass through before the surface electrodes can pick up the

signal.

EMG signal

Basmajian, J.V.,

and De Luca, C.J. (1985). Muscles Alive: Their function revealed by electromyography
(5th ed.). Baltimore,

MD:

Williams

& Wilkins, Figure

1.17,

page 54.
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Another disadvantage with surface
(Balogh

et al, 1999).

This variation

is

EMG is a large inter-individual variation

caused by the presence of varying thickness of

adipose tissue (De Luca, 1979). Basmajian and
fold thickness increases, the attenuation of the

in

(1985) suggested that as skin

MUAP would be come greater.

low-pass filtering effects of skin fold thickness,

can mask changes

De Luca

it

Due

to the

has been suggested that adipose tissue

mean power frequency during

increased force production (Bilodeau

etal, 1990).

Nordander and colleagues (2003) employed a variety of measurement techniques
quantifying the influence of the adipose tissue on the surface
thickness of the subcutaneous tissue

was measured by means of skin

and body mass index (BMI). The authors found
accounted for 3
skin folds, and

1,

68 and

BMI,

Detection of

67%

EMG amplitude.

of the inter-individual variance as measured by ultrasound,

respectively.

MUAPs

has been studied in relation to varying adipose thickness.

during linear ramp contractions. Hogrel (2003) found that
detectable in 3 of 10 subjects.

EMG signal.

mm, compared

folds, ultrasound,

that the thickness of the adipose tissue

study conducted from the skin surface by Hogrel (2003) investigated

surface

The

The author suggested

MUAPTs

to the 3 other subjects

who had

MU detection
were only

that adipose tissue

Seven subjects had skin fold thicknesses

that

A

impeded

the

ranged from 4.8-9.3

skin fold thickness ranging from 2.4-2.8

mm.

In an effort to quantify the effect of adipose tissue

on the surface

EMG signal,

investigators have also used simulation studies (Farina and Rainoldi, 1999;

Kuiken

et al,
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2003; Lowery
muscle,

fat,

et al,

skin,

2003). Farina and Rainoldi (1999) created a mathematical model of

and

The authors determined

air.

that adipose tissue causes a decrease in

amplitude and spatial widening of the signal. Kuiken and colleagues (2003) investigated
the effects of adipose issue using a finite element

premise of the study was
within the muscle.

The

varied.

mm,

the

results

RMS

to simulate single

EMG signal propagation.

motor unit action potentials

The thickness of the adipose
showed

model of

tissue

that as the adipose tissue

at

mm,

the

varying depths

on an upper arm model was also

was increased from

amplitude decreased by 31.3, 80.2 and 90.0% respectively.

decreasing the adipose tissue from 9 to 3

The

3, 9,

and 18

When

EMG amplitude increased 241%.

It is

apparent that the thickness of the underlying adipose tissue causes attenuation of the
surface

EMG signal.

For

this reason, further research is

subcutaneous tissue on the

needed

to quantify the effect

of

MNPPS.

Interference Pattern Analysis Methods

Interference pattern analysis has

activity of the muscle.

become

a valuable tool

Interference pattern analysis

was

first

when

evaluating the

applied to indwelling

muscle activity (Willison, 1964; Magora and Gonen, 1970; Fusfeld, 1971). Over the past

two decades investigators have attempted
(Christensen et

al,

to

apply these techniques to surface

1986; Robertson and Grabiner, 1985; Philipson and Larsson, 1988;

The methods associated with

Toulouse, 1992; Gabriel

et al,

analysis have developed

from a manual counting and measurement technique

2001a).

interference pattern

introduction of automated techniques that have been refined and built

years.

The methods used

and indwelling

EMG

to quantify the interference pattern

(EMG) muscle

activity will

be discussed

upon

to the

in recent

from both surface

in the

(SEMG)

following sections.
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Spike Counting

Number of Zero

Crossings

Zero crossings are defined as the number of voltage crossings of the baseline per
unit time (Fuglsang-Frederiksen, 2000).

the

To

use zero crossings as an analytical method,

examiner must construct a baseline and a threshold level also referred

An

triggering level.

1967).

acceptable threshold level

The threshold or

triggering level

is

is

100

pV

to as the spike

above a zero baseline

(Fitch,

used to count spikes that are above a certain

amplitude. This level of threshold has solved problems such as gaps in the interference

pattern, instability of the

EMG baseline, and most importantly the avoidance of noise in

the interference pattern (Fusfeld, 1971).

In an effort to quantify the sensitivity of zero

crossings as a diagnostic tool, Fusfeld (1971) tested zero crossings with increasing

contractile force.

The

It

was found

that zero crossings did not increase with increasing force.

investigators then increased the spike triggering level.

used

to

avoid low-level noise and instability of the

The increased

EMG baseline.

trigger

was

EMG

This caused

spikes with greater amplitude to cross the threshold as force increased.

A secondary measure that can be constructed with zero crossings
wave

duration.

It

is

the

mean

has been shown that with increasing degeneration of the motor units

there will be decreased

mean wave

duration (Fusfeld, 1971). This method

was found

to

be accurate when determining the difference between myopathic and neurogenic diseases

(Kopec

& Hausmanowa-Petrusewicz,

1976).
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Number of Spikes per

Number

Unit Time

of spikes per unit time appears to be the

method used. Fuglsang-Frederiksen (2000) reported

number of spikes per

unit time increased with

low

that

first

interference pattern analysis

Haas (1926) found

that the

levels of contractile force.

The

prevalence of this method in research has been dramatically decreased in response to

more advanced methods such

as turn/amplitude analysis

and power spectrum analysis.

Amplitude Measurement

Amplitude can be defined

in

terms of peak-to-peak amplitude, or as the

amplitude above and below baseline. Stetson and

Bouman

maximum

(1933) have investigated the

amplitude of the interference pattern. These investigators found that the summations of
action potentials were related to the force exerted. Researchers have since tested this

finding.

A complementary study showed that amplitude does in fact increase

fashion, as

in a linear

low force levels produce low amplitude interference patterns and increases of

force produce subsequently larger interference patterns (Gilai, 1987). Other amplitude

measures include mean amplitude, which was derived by identifying the

total

amplitude

of the signal, then dividing the amplitude by the number of turns (Willison, 1964), or
using average peak to peak amplitude over a period of time (Moller, 1966). Another

method of amplitude measurement
widely used

to describe the

is

the use of the root

magnitude of the

mean

square. This measure

is

signal.
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Root Mean Square

When
squaring

all

presented with an

the samples, determining the

the positive square root of the

calculation

EMG signal, the researcher can find the RMS by

is

mean of

the squared samples,

mean (Basmajian and De Luca,

1985).

and then finding

An example

presented below:

It t+T

RMS= -

The
the

RMS

RMS

2

\EMG{t) dt

has been used to study motor unit firing during fatigue. During fatigue

amplitude has been shown to increase. This increase has been related to the

increases in firing frequency, synchronization, or recruitment of

et al,

1985; Bilodeau et

al,

correlated positively with type

II

muscle

finding by Gerdle and colleagues (1997)

II

muscle fibers

at

units (Kranz

2001). Muscle properties have been found to affect

study by Gerdle and colleagues (2000) showed that

type

new motor

25 and

fibers.

during a fatigue protocol was

This finding coincides with a previous

who found

70% MVC,

RMS

RMS. A

that the

RMS

was correlated with

respectively.

Turn/Amplitude Analysis

Turns/amplitude

(T&A)

analysis

is

a

method used

in clinical diagnosis of

neuropathies and myopathies. Turns and amplitude analysis has the ability to provide a

quantitative analysis at

all

levels of

muscle

force.

Turns and amplitude analysis

distinguishes the electrical activity of both the motor unit action potentials at

high levels of force in the interference pattern.

A turn can be defined as

low and

the occurrence of
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two successive increments of

signal amplitude

whose slopes

are not less then the unit value

whose amplitudes

are of opposite sign

and

which has typically been 100 uV

(Fitch,

1967).

Turns per Unit Time

The

He found

first

method of T&A was

that the

the

number of turns described by Willison

number of turns increased with

by the muscle. Originally

this

the increased contractile force

method manually counted

the

interference pattern. Determining the voltage of the spikes

number of spikes within
interference pattern.

electronic device that

the

epoch was used

number of turns

produced

in the

and dividing by the

to calculated the

(1964).

total

mean amplitude of the

The manual Willison (1964) method became automated using an
marked

two successive signals

that

the

number of turns

in the interference pattern

whenever

had an amplitude of greater than 100 u.V had opposite signs

(Fitch, 1967).

This method of interference pattern analysis has
turns can only be counted reliably up to

50% MVC.

voluntary contraction, larger motor units will

fire

its

limitations.

The number of

After fifty percent of

and increase

maximum

their firing rate as force

increases.

The

potentials,

and the number of turns will remain relatively unchanged. Smaller low

activity of larger

motor units

will interfere with smaller

motor

unit

amplitude motor unit potentials can also interfere with the large motor unit potentials
higher force.

potential

is

As a

result of

summated motor

unit potentials, the smaller

at

a

motor unit

not represented in the interference pattern as a turn (Nandedkar, 1986). Since

this finding, a

number of authors have created

a variety of methods to circumvent these
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limitations. Thus, turns per unit time

reflect the

signal

However, disadvantages of

potentials not reaching the 100

potentials

a time-domain measure that

may

or

may

not

frequency content of the signal.

The mean amplitude of the
potentials.

is

by large amplitude

not be counted in the

uV

is

this

dependant on the amplitude of the motor unit

method include some of the low amplitude

threshold, and the cancellation of

potentials. Either

low amplitude

way, the lower amplitude potentials

mean amplitude measure (Sanders

et al, 1996).

of turns levels off with increasing force of contraction above

fifty

Though

percent

number

the

MVC,

may

the

mean amplitude of the

interference pattern continues to increase with increasing force

(Fuglsang-Frederiksen

& Mansson,

Mean

1975).

indicate increased recruitment of additional

amplitude of the signal

may

therefore

MUs.

Frequency Analysis

Part of this thesis will focus

on the frequency content within the

EMG signal.

The

EMG signal can be thought of as a mixture of a number of different frequency sinusoid
waves. For example, Figure 9 depicts three different sinusoid waves, a low,
a higher frequency signal.

When

the signals are

interference pattern. Frequency analysis

are contained within the

related to

medium and

added together, they create an

concerned with determining what frequencies

is

EMG signal, because the frequency content is thought to be

MU firing rate (Fuglsang-Frederiksen and Ronager,

velocity of active muscle fibers

To determine what

(Houtman

et al,

1988), and conduction

2003).

frequencies are present in an

EMG signal, an investigator can

construct a frequency distribution curve. This frequency distribution curve

is

also
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referred to as a

signal,

total

power spectrum. Frequency

and then

it

determines

power. Figure 10

analysis evaluates the total

how much energy

illustrates

a particular frequency contributes to the

The

(power) that a particular frequency contributes to the

ranging from

1

to

EMG signal.

an ideal power spectrum for a surface

x-axis corresponds to the individual frequencies.

power spectrum shows

power of the

that a surface

y-axis identifies

total

The

how much energy

power of the

EMG signal.

The

EMG signal can be constructed of frequencies

500 Hz. The dominant frequencies of the signal are between 20 - 200

Hz. The further the frequencies are outside of this range, the less they contribute to the

energy of the

The
factors: the

units

EMG signal.

interference pattern signal characteristics are influenced

number of motor

by a number of

units recruited, firing rate, duration of individual

motor

and the amplitude of MUs. These characteristics determine the shape of the

interference pattern

power spectrum

power spectrum (Fuglsang-Frederiksen

& Ronager,

analysis quantifies the interference pattern in

1988).

The

two ways: the mean

frequency and median frequency (Finsterer, 2001; Fuglsang-Frederiksen, 2000).

Mean Power Frequency

Mean power
This measure

by

their

is

frequency (MPF)

constructed by

own power and

is

summing

the average frequency of the

the product of the individual frequency values

then dividing by the total power (Finsterer, 2001).

of this measure has been quantified using surface
studied the repeatability of the

subjects.

Muscle

power spectrum.

activity

MPF during

EMG. Daanen

The

and colleagues (1990)

maximal isometric elbow flexion

was recorded using bipolar surface

reliability

electrodes.

in

female

The study
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incorporated 5 test sessions each with 2

MPF of the power spectrum was

showed

The

MPF in the triceps brachii

The

results of the study

unaltered between days or

0.99, indicating that this measure

colleagues (2001a) also

trials.

is

trials.

very reproducible (Daanen

that

MPF was a reliable

showed

The ICC

for

that the

MPF was

Gabriel and

et al, 1990).

measure of the power spectrum.

and biceps brachii exhibited highly reliable ICCs of 0.93

and 0.88, respectively.

A relationship between MPF and conduction

velocity of muscle fibers has been

established (Arendt-Nielsen and Mills, 1985). In the Arendt-Nielsen and Mills study,

subjects completed

maximal isometric knee extensions, and then percentages of MVC

were generated. To measure muscle
regression lines were

fit

fiber

conduction velocity

to the data relating

each variable to time. Changes

MPF were constructed from the regression lines.
contraction progressed there

velocity.

At force

was a

levels of 10

force for the duration of the

and

trial.

parallel

It

change

20% MVC,

was found

the

MPF of the

that,

when

surface

levels, the

MPF and

at force levels greater

than

muscle

Broman

et al, 1985).

due

to

Thus,

fiber

30% MVC,

both the

Similarly, Moritani and others

EMG signal progressively decreased.

Nielsen and Mills, 1985;

fiber conduction

subjects were required to sustain a contraction at

attributed to a slowing of conduction velocity,

MFCV and

muscular

MPF and muscle

in

MPF and muscle fiber conduction velocity decreased.
(1986) showed

that as

in

subjects were able to sustain the required

At these force

conduction velocity increased. However,

(MFCV) and MPF,

50% MVC,

This decrease has been

byproducts of fatigue (Arendt-

MPF is dependent on

the speed the

action potential travels through the muscle fiber.
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www
vwvwww
Figure

9.

Exemplifies

S.S. (2001).

how

different frequency sinusoids create the

Computerized data acquisition and analysis

UK. Cambridge

EMG signal.

for the life sciences.

Young,

Cambridge,

University Press Figure 3.4 page 49, pp.237.
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Frequency

500

-lean

200

20

Figure 10. Depicts an ideal power spectrum of an

EMG signal.

Basmajian, J.V., and

De

Luca, C.J. (1985). Muscles Alive: Their function revealed by electromyography (5th

ed.).

Baltimore,

MD:

Williams

& Wilkins, Figure

1.7,

page 99.
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In a study

10 to

50% MVC.

conducted by Lange and others (2002),

This result suggested that up to a level of

recruited larger diameter fibers

(i.e.

fast twitch fibers)

Further increases in force produced a constant

to

determine conduction velocity. Therefore,

were suspected

to

be recruited (Lange

been further studied
2003).

As

MFCV linearly increased from

to

et al,

50%

MVC the biceps brachii

with faster conduction velocities.

number of peaks

at a force level

in the

above

SEMG signal,

50% MVC,

all

used

MUs

2002). Changes in conduction velocity have

determine muscle fiber recruitment patterns (Houtman

et al,

MFCV initially decreased at approximately 30 to 40% MVC,

force increased,

followed by a subsequent increase. Muscle fiber conduction velocity then decreased near
the

end of the exercise. The pattern suggested

MU populations.
population.

The

first

Houtman and

that there

was recruitment of two

population recruited had a lower

different

MFCV than the second

colleagues (2003) suggested that this pattern reflected the

recruitment of slow twitch fibers and as force increased the second population had a

higher percentage of type
reflective of

Henneman's

II

muscle fibers with higher

size principle

There are other factors

that

Spectral characteristics such as

statistics (firing

MFCVs.

Therefore,

MFCV is

(Andreassen and Arendt-Neilson, 1987).

can also contribute

to

an increase or decrease in

MPF have shown to be affected by changes

frequencies and interpulse interval (IPI)). Using

MPF as

MPF.

in firing

a measure of

MU firing rate, determined that increases or decreases in firing rate would be associated
with a subsequent increase or decrease in
1988;

the

Chan and Chuang,

1996).

power spectrum between

when determining

It

MPF (Fuglsang-Frederiksen and Ronager,

has also been shown that these firing

the 10 and

40 Hz range (Hagg, 1992). This

the cause of spectral compression.

statistics affect

is

important

A central factor that possibly
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generates spectral compression

The synchronization of firing

is

an increase

in

MU synchronization (Kranz et

rates results in an increase in the

components of the power spectrum (Bigland-Ritchie
synchronization

as the

MUs

is

begin to

that neuropathies will shift the

frequencies (Latash, 1988; Blanchi

et al, 1985).

clinically, researchers

power spectrum

to the left

power spectrum

& Vila,

1985;

Muro

have used

this

toward the lower

to the right

et al, 1982).

toward the higher

The

differing results

and myopathies are based on the physiology of the diseases.

Neuropathies can deteriorate a neuron to a point that

it

no longer communicates with the

of the motor unit. This causes the motor unit to die, therefore,

the interference pattern,

myopathy

spectral

its

diagnose neuropathies and myopathies. Investigations have

frequencies, and myopathies will shift the

rest

Generally,

et al, 1981).

toward lower frequencies. (Kranz

in the attempt to

for neuropathies

low frequency

synchronously, the power spectrum and

fire

Applying the power spectrum analysis

found

1985).

associated with an increase in IPI and decreased firing rate. Therefore,

characteristics will shift

method

al,

and a subsequent reduction

will degenerate single

muscle

in

frequency

is

it

cannot contribute to

recorded.

fibers sporadically, this prevents the

from summating smoothly. This causes a greater number of polyphasic

A
motor

potentials,

unit

which

increases the frequency of the interference pattern (Walton, 1952).

The
firing

findings presented thus far indicate that

frequency and

MPF can reflect changes

in

both

CV of active muscle fibers belonging to higher threshold MUs,

which also have a higher

firing rate.

It is

therefore difficult to disentangle the two

physiological effects with a single measure.
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Median Frequency

Median frequency

is

the value that splits

frequencies with equal power.

been shown

power spectrum

Mean and median

to be linearly related to the

is

preferred as an indicator of the

Solomonow and

showed

units,

indicated

units

by

to be less affected

units recruited.

that the

When

fibers.

by noise, therefore

median frequency

is

it

1981).

directly related

progressively increasing force, the motor

The lower

units are recruited in an orderly progression.

motor

power spectrum have

power spectrum (Stulen and De Luca,

colleagues (1990)

number of motor

to the

frequencies of the

conduction velocity of the muscle

However, median frequency has been established

and low

into high

levels of force recruit the small

and as force increases the larger motor units are recruited. This was
the

change

in

median frequency. As the force increased and the larger motor

were recruited, the median frequency increased, and as the force level decreased the

median frequency subsequently decreased. These investigators determined
relationship

between recruitment and median frequency was due

that the

to the increasing

conduction velocity as larger motor units were recruited. This observation supports the
claim by Stulen and

was

De Luca

median frequency and conduction velocity

linearly related.

As muscle

contraction progresses, the

fatigue (Schieppati et

acid.

(1981), which

al,

MDF has been shown to decrease with

2003). During increasing contraction there

Brody and colleagues (1995) investigated

the effect of muscle

is

a build up of lactic

pH

on median

frequency and conduction velocity in an incubated isolated muscle system. Decreasing
the

pH

level in a

Krebs bath caused decreases

conduction velocity.

When

stimulation

in

both

was added

initial

to the

median frequency and

muscle, the decay in median
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frequency was

showed
the

35%

that the

greater than conduction velocity under acid conditions. These results

median frequency and conduction velocity relationship was dependant on

muscle pH.

The median frequency

is

also influenced

1995). Fast twitch fibers have been

shown

to

by muscle

have greater

fiber

composition (Kupa

initial

median frequency

et al,

values and a greater change in median frequency compared to slow twitch fibers (Kupa et

al,

1995).

As muscle

contraction progresses, the slowing of conduction velocity and the

decrease in the amplitude of the action potential has been attributed to increases in

(Milner-Brown and Miller, 1986). This accumulation

in

K + has

been shown

to

K+

be

greatest in fast twitch fibers (Juel, 1986), and can explain the greatest decrease seen in the

median frequency

It is

as contraction progresses with fast twitch muscle.

apparent that power spectrum analysis

analyzing the interference pattern.

It is

is

a well-documented

method of

useful and painless in the investigation of muscle

functioning, fatigue, identification of muscle composition and myopathies and

neuropathies.

EMG and Force Relationship
Electromyography and force has been investigated
relationship

to

between these

provide insight into the

variables.

A comprehensive

in

list

an effort

to quantify the

of research has been gathered

EMG and force relationship throughout the literature (Table 2).

This only applies to isometric contractions, which are the focus of this thesis.
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Lippold and colleagues (1952) investigated the force and

EMG relationship using

voluntary isometric contractions with the triceps surae complex to produce plantar

flexion.

The

data, the

mean

surface electrodes were placed over the belly of the muscle.

by

the muscle,

There was a linear relationship between
increasing force levels there

was a

level the relationship

holding the given tension.

IEMG

termed integrated

EMG (EEMG).

and as force increased

became more ambiguous,

as subjects

had a

A second finding showed that supramaximal
relationship.

The

maintained because supramaximal stimulation created an

al,

was

and the tension produced. With

linear relationship,

motor nerve could not produce a linear

was a constant

analyze the

area under the positive and negative portions of the actions potential

plotted against the tension produced

maximal

To

to a

difficult

time

stimulation of a

linear relationship could not be

artificial condition,

electrical stimulus with varying degrees of

where there

muscular strength (Lippold

et

1952)

Inman and

others (1952) also explored the

EMG and force relationship.

investigators used surface, needle and wire electrodes placed within or

brachii, triceps brachii,

voluntarily.

The

and the pectoral muscles. The subjects

results

showed

that as a

muscle remained

a linear relationship as the force increased.

relationship continued to hold

also

showed

As muscular

when compared

that the type of electrode

used

to

to direct

at

These

on the biceps

initiated the contraction

a constant length, there

was

force decreased, the linear

EMG and IEMG.

The

results

determine the relationship was of no

concern as long as the electrode was placed within the central mass of the muscle (Inman
et al, 1952).
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Building upon early research, Bigland and Lippold (1954) investigated the force

and

EMG relationship with the muscles acting isometrically and isokinetically.

authors studied the calf and finger extensors with surface electrodes.

were contracting

was a

at

When

constant muscle lengths (isometrically), the results

linear relationship

between force and integrated

Furthering the investigation into the

the muscles

showed

electrical activity

These

that there

(IEMG).

EMG and force relationship, these researchers used

graded electrical stimulation and measured the amplitude of the action potential and
isometric twitch tension of the adductor pollicis brevis.

linear relationship.

potential

As

The

results indicated a positive

the stimulation intensity increased, the amplitude of the

and twitch tension subsequently increased

parallel to

does not support the work of Lippold and colleagues (1952)

evoked

each other. This finding

who found no

relationship

with electrical stimulation.

A different hypothesis for the EMG and force relationship was given by MilnerBrown and

Stein (1975). These authors suggested that the motor unit recruitment and

firing rate patterns

of rectified

EMG,

can

still

sum

non-linearly at moderate to high force levels, but with the use

be linearly related to force. These investigators studied the

dorsal interosseus muscle with both needle and surface electrodes.

that as the force increased, those

a greater voltage to the surface

MUs

results

showed

associated with the higher force levels contributed

EMG signal.

This increase was previously shown in

Milner-Brown and colleagues (1973). Therefore, the

MUs will increase the

The

first

amplitude of the surface

linear increase

found

in the single

EMG signal proportionally to the force

exerted (Milner-Brown and Stein, 1975).
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further determine the

(1975), used a

EMG and force relationship, Fuglsang-Frederiksen and

number of different measures associated with

number of peaks, mean amplitude,
peaks.

The muscles

distribution of time intervals

the

EMG signal;

and amplitude between

investigated were the brachial biceps and triceps, and the brachialis.

These muscles were investigated under an isometric condition of either elbow flexion or
extension.

The

a linear fashion

results

up

to

showed

that the

number of

30-50% of maximal

number of turns remained unchanged, and

The previous

literature

effort.

the

turns and

mean amplitude

With increasing

effort

above

mean amplitude continued

has produced a sense that the force and

under a constant condition creates a linear relationship. However,

increased in

50%

the

to rise.

EMG relationship

Komi and

Viitasalo

(1976) provided evidence that the relationship can deviate from a linear one. The muscle

of interest was the rectus femoris, while performing isometric knee extensions

at

varying

degrees of force. Electrical activity of the muscle was picked up using 2 pair of surface
electrodes.

motor

The

interference pattern

unit potentials

was studied using

(AMUP): number

of spikes, amplitude, and rise time. Other

measures of the interference pattern included integral
function (PSDF), such as

mean

specific parameters of averaged

frequency.

Komi and

IEMG and power spectral

density

Viitasalo (1976) found that the

EMG and force relationship was quadratic. A possible reason suggested for this finding
can be due

to differences in the recording techniques, quantification

methods used or

muscles studied (Komi and Viitasalo, 1976). Though the investigators found a quadratic
relationship with the

IEMG

measure, the number of spikes increased linearly with

increasing force, which complements findings of Bergstrom (1959).

40

With

EMG,

the increasing discrepancy

between the relationship existing

and

Siegler and colleagues (1985) investigated the isometric relationship using the

complex and

triceps surae

the tibialis anterior. Bipolar electrodes

belly of the respective muscles recording the

isometric plantar flexion.

The

techniques.

when

for force

the data

is

results

EMG activity during the increasing

The data was analyzed using four

showed

were placed over the

different signal-processing

that there is a linear relationship with

processed with rectified

EMG.

Rectified

EMG

is

EMG and force

a signal processing

technique that requires the removal of the negative portion of the signal, by taking the
absolute value of the signal. Rectified

rectified.

Half-wave

replacing

it

EMG can be either full-wave or half-wave

rectification is a technique that eliminates the negative signal

with a zero.

A limitation with this technique is the

the signal. For this reason, full-wave rectification

rectification

portion

is

is

more

loss of half the

favorable. Full-wave

replaced with the positive absolute value.

Kranz and colleagues (1985) studied the

EMG and force relationship using the biceps brachii in an isometric condition.
of the study was the effect of fatigue on the

the

the

that the

fall in

motoneuron

drive.

The

these authors created a corrected

RMS, which was

in

investigators

the product of the

and half the median frequency. This corrected measure was created

change

The focus

EMG and force relationship was non-linear when analyzing the data using

RMS. However,

RMS

power of

does eliminate the negative portion of the signal, however, the negative

A conflicting result was found when

found

by

to

account for

median frequency, which occur during a sustained contraction. This

measure followed the increase

in force

more closely creating

a linear relationship.
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More
linear.

EMG and force relationship is

recently research has confirmed that the

Onishi and colleagues (2000) examined the

human

vastus lateralis muscle using

isometric contractions. Bipolar wire electrodes were inserted into multiple sites within

When

the muscle, recording activity during knee extension.

electrodes, the force

and

EEMG relationship

examining the individual

produced variant

The

positions producing linear and non-linear relationships.

results,

with some electrode

activities

from eight

electrode sights were averaged to represent total muscle activity. This eliminated the

affect of spatial distribution.

The

results

showed

that averaging the force

and

EEMG

relationship across subjects produced a linear relationship.

Continuing research on the quadriceps muscle group

in

humans, Karlsson and

Gerdle (2001) investigated the effect of isometric ramp knee extensions on the
force relationship.

lateralis, rectus

relationship

The

EMG and

subjects had bipolar surface electrodes placed over the vastus

femoris and the vastus medialis. The contractions resulted in a linear

when

the data

was measured using

(2001) also found a linear relationship
isometric condition using

RMS

RMS

amplitude. Babault and others

when studying

the rectus femoris under an

amplitude to measure the

Kranz (1985) who found a non-linear relationship with

The most

recent research on the

EMG.

This conflicts with

RMS.

EMG and force relationship has been conducted

on the masseter and temporalis anterior muscles. Ferrario and others (2004) studied the

maximal

bite forces

of adults using surface

EMG.

electrodes on each of the respective muscle bellies.

These investigators placed bipolar

The

subjects completed four 5-

second maximal isometric contractions. The results revealed a significantly positive
linear relationship

between

RMS

amplitude and force.
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The research involved with defining
relationship

is

linear

EMG force relationship indicates that the

under certain experimental conditions. Isometric contractions have

moment arm and

a constant

the

axis of rotation; therefore the force of the muscle should be

linearly related to the force at the joint

(De Luca, 1997). Further, during isometric

contraction, the muscle fiber length or the position of fibers relative to electrode does not

change. Thus, the contractile strength of the muscle will remain constant for a particular
joint angle. Therefore, as the force at the joint increases, the force applied

will increase proportionally

in

muscle which would contribute

force relationship includes: (1) increasing the probability that the

to the recording electrode; (2)

and

(3) increased

contractile force, the

MU summation (Sanders et

al,

number of spikes counted increased

Broman and

to the linear

MUs

EMG

recruited, lie close

1996). During increased

in a linear fashion

throughout

MU potentials continually increased throughout the

increment in force, which suggests an asynchronous activation of
Viitasalo, 1976).

muscle

MUs with a larger muscle fiber diameter and territory are

Amplitude of the

the force range.

the

(De Luca, 1997).

Events that are occurring

recruited;

by

MUs

(Komi,

&

colleagues (1985) determined that the high-threshold

fibers are larger in

diameter then the low-threshold fibers, and with increasing force there

was an increase

conduction velocity, zero-crossings, mean frequency, and median

frequency.

in

When

muscle fibers are recruited they follow orderly recruitment determined

by Henneman and others (1965).
are the relatively smaller

the start of a contraction

(Sanders

et al, 1996).

MUs
is

It

has been

shown

that the

and are the most fatigue

approximately 5-12

However,

it

has been

Hz and

shown

MUs

resistant.

that are recruited first

The

firing

frequency

at

will increase as force increases

those smaller motor units reach a
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.

higher firing frequency than newly recruited motor units (De Luca, 1993). This

may be

evident in the power spectrum as increasing force shifts the power spectrum from high
frequencies to relatively lower values during fatigue (Christensen

& Fuglsang-

Frederiksen, 1986).

With a dynamic contraction, many variables
relationship.

De Luca

affect the linearity of the

(1997) determined that the signal stationarity

is

a major concern.

De Luca

(1997) pointed out that a key factor affecting the stationarity was the electrode

position,

which changes during contraction, bringing new motor

field, thus,

manipulating the signal. Aside from the electrode placement, Nourbakhsh and

Kukulka (2004)

stated that the length-tension relationship of the

EMG signal due to its non-linear nature.
that there is

static

no significant difference

Masuda and

in the

RMS, MPF and

colleagues (1999) determined that

differences up to a level of

muscle also affected the

Despite these discrepancies,

and dynamic contractions (Christensen, 1995; Muro

showed no

units into the electrodes

it

has been found

MDF when testing between
More

et al, 1982).

recently,

MDF of dynamic and static contractions

60% MVC.

Spike Shape Analysis

Gabriel (2000) published five algorithms for different spike parameters;
spike frequency (MSF),

mean

spike slope (MSS), and

mean number of peaks per

that the five

measures were

spike amplitude

first

pooled

spike shape reflect alterations in

(MSA), mean spike duration (MSD), mean

to describe

spike shape were linked with alterations in

mean

spike

(MNPPS).

It

was

in this

paper

average spike shape, and changes in

MU recruitment. How changes in average

MU recruitment was outlined in Table

1

in

Chapter

1
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The

theoretical basis for the predicted

different

changes

average spike shape associated with

in

MU firing patterns will be presented in this section.

Magora and Gonen (1970) introduced
According
preserved

to

in

Magora and Gonen

Therefore,

EMG spike analysis.

(1970): "the only characteristic of motor units

a full interference pattern

spike has a certain

a version of surface

is

the shape, as demonstrated by

number of peaks, representing

Magora and Gonen (1970) introduced

active superimposed

the

its

still

Each

peaks.

motor

units."

EMG measure, number of peaks per

spike (NPPS). This assumption has been successfully applied by other authors to

determine the distribution of

et al,

2002). In the case of

MFCVs, which

relies

Magora and Gonen

on the latencies between peaks (Lange

(1970), the researchers gathered

EMG

data from muscles (biceps brachii, opponens pollicis, and abductor digiti minimi) of

healthy subjects and those with myopathies and neuropathies.

The NPPS

for healthy

examined. Examining the

one peak,

21% had two

muscle showed a similar pattern for each of the muscles

full interference pattern

peaks, and

10% had

showed

three peaks.

that

As

53%

the

NPPS

normal muscle, the number of counts decreased approximately by
the

of the spikes had

half.

increased in

When examining

EMG pattern of a subject with a myopathy, the NPPS were significantly different.

The number of spikes with two peaks increased
number of spikes with

three peaks increased to

to

86%

78%

of that with one peak. The

of that with two, while the number

of spikes with one peak decreased to 25%. Neuropathic muscle showed that
spikes had one peak,

24%

had two peaks and

26% had

75%

of the

three peaks.
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Previous research has shown that with myopathies there

from within the motor

unit (Beardwell, 1967).

When

a subject

is

is

loss of

muscle fibers

required to perform a

near maximal contraction, the muscle fibers cannot summate. Therefore, an increased

firing

The
the

loss of

muscle fiber and increased

firing

frequency decreases the synchronization of

motor units (Willison, 1966). Subjects with a neuropathy experience the

motor
the

frequency must occur to compensate of the loss of muscle fiber (Walton, 1952).

units

from within the muscle. This

summation of the spikes

will be reflected in the interference pattern as

normal muscle, and the

will be greater then that of

will be relatively less. Therefore,

NPPS

loss of total

is

a

NPPS

good indicator of myopathic and neuropathic

disease.

Another diagnostic
duration.

The

definition of

tool

used

wave

in the evaluation

of spike analysis

is

refers to a single deviation of the signal

in the positive or negative direction

and

wave duration was adapted with

hope

the

its

mean wave
from baseline

return to baseline (Fusfeld, 1971).

that

it

Mean

could be used as a method to identify

myopathic change. To find mean wave duration, Fusfeld (1971) collected an

EMG

interference pattern. Within the interference pattern the

number of negative waves were

counted for one second of data. Since a negative wave

followed by a positive wave,

the

sum

the

mean wave

is

of the negative waves was multiplied by 2 and divided by 1000. This provided
duration in milliseconds.

The study was conducted on normal

subjects

and subjects with a number of different muscular dystrophies. Subjects abducted
shoulder contracting isometrically against a spring scale. The average
duration

was 2.30 msec,

muscle disease

for the control group.

to the control group, there

was

When comparing

their

mean wave

the subjects with a

a significant decrease in

mean wave
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The decreased wave duration

duration.

is

As

a reflection of increased firing frequency.

previously stated, the increased firing frequency compensates for the loss of muscle

fibers within the

motor unit (Willison, 1966).

In 1975 Viitasalo

spike measures included

potential

(AMUP) from

and Komi generated

number of
surface

their

own

spike analysis parameters. These

spikes, amplitude, rise time,

EMG. The

and average motor unit

AMUP is the peak-to-peak amplitude of the

EMG signal over the motor point. A follow up investigation by Komi and Viitasalo
(1976) studied the spike parameters
collected

at differing force levels.

Interference patterns were

from the quadriceps during isometric knee extension. With increasing muscle

tension the

number of

individual spikes and amplitude of the

quadratic relationship, respectively.

The

AMUP showed a linear and

relationships between rise time and force, and

amplitude-rise time ratio and force were stated to be irregular (quadratic).

Viitasalo (1976) explained the increase in

asynchronous activation of motor
after

60%

of

units.

number of spikes and amplitude

The quadratic

Komi and
as a product of

relationship of rise time and force

MVC was hypothesized as the recruitment of fast twitch motor units.

As

these motor units are shorter in duration and rise time, and higher in amplitude (Olsen et

al,

1968; Buchthal et

al,

1972).

Factors Influencing Surface

When

EMG Recordings

interpreting the surface

number of factors

that

can

EMG signals,

alter the output

factors influencing the surface

it

must be understood

that there are a

of the signal. For a thorough review of the

EMG signal, the reader is directed to Farina and
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colleagues (2004). Farina and others (2004) break the factors into two categories, nonphysiological and physiological.

An example

of the physiological influences include; number of active motor units,

mechanical interaction between muscle

motor

units,

fibers,

motor unit

number of detected

amplitude and duration of the motor unit action potentials. Depending upon

the force of contraction, the activity of the

(recruitment) or firing of

MUs can change

MUs, which would

in

number of MUs

influence the signal amplitude.

composition of the fiber type can limit the change
al

firing rate,

in the

pH

level of the

The

muscle (Brody

et

1991), which can result in varying signal durations between fiber type compositions.

During contraction, the amount of blood flow determines the degree of metabolite
exchange.

The

fiber diameter contributes to the signal

by influencing the amplitude and

conduction velocity of the action potentials. Both the amplitude and conduction velocity
of the signal will increase as the fiber diameter increases. Larger diameter fibers have a
relatively higher concentration of ion channels,

which

translates into increased action

potential propagation. Other amplitude influences include the location of fibers in

reference to the recording electrode (Roy et

energy

al,

1986), as deeper fibers will provide less

to the interference pattern than superficial fibers.

action potential to travel faster

if

the environment

is

Temperature will cause the

relatively

This causes less time for the diffusion of ions into the muscle

warm
cell,

(Krause

which

et al,

2001).

results in

decreased action potential amplitude and an increased action potential propagation
(Rutkove, 2001).
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Non-physiological influences include factors related to the detection system,
anatomical issues, geometric arrangement, and physical properties. Detection volume of
the electrode will determine the

contribute to the

EMG signal.

number and

size of the

The superposition of the

motor unit action potentials

that

action potentials determines the

amplitude and frequency of the composite signal. The further away the action potentials
are

from the electrode the

less they will contribute to the

motor unit the larger the action potential

De

EMG signal, while the larger the

to contribute to the

EMG signal (Basmajian &

Luca, 1985). Spatial filtering contributes to the amplitude and frequency components

of the signal.

As

the fibers get further

from

the surface electrode or as the electrode

surface area increases, the magnitude of the action potential will decrease (Stashuk,

2001).

Electrode configuration

of the muscle. The most
configuration.

is

common

a major consideration

when recording

configurations are either a monopolar or bipolar

Monopolar configurations

detect electrical activty with the use of a single

recording electrode placed over the surface of the muscle.

monopolar configuration
signals

is

electrical activity

the detection of

all

A main disadvantage to

the

signals within the pickup area, including

from unwanted muscles (Basmajian and De Luca, 1985). Advantages with the

monopolar configuration include greater amplitude recordings, because there
cancellation of signals

(Kamen and Caldwell,

recording electrodes and a reference electrode.

on the muscle of

interest,

amplified.

An

The two recording

two

electrodes are placed

electrical event at different times.

where the difference between the two electrodes

advantage of detecting an

no

1996). Bipolar configurations use

and each will record an

signals are sent to an amplifier

is

The

is

EMG signal with a bipolar configuration

is

the
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redution of inherent noise. Noise that

the

common

is

detected by the two electodes will be the same,

by algebraic subtraction (Basmajian and De Luca,

signal will be eliminated

1985).

Various electrode configurations such

as,

a double differential technique will help

eliminate noise. This configuration will algebraically subtract the

A third technique

therefore eliminating noise.

filters.

Setting the filters at 10

Hz

will

to

be

set at

when

is

the use of high pass

EMG signal, while a low pass filter is

one half the Nyquist limit (Kamen and Caldwell, 1996).

Electrode placement has been

pattern

reduce noise,

signal twice,

minimize noise inherent with the movement of the

wires or skin surface without attenuating the

recommended

to

common

recording the

shown

EMG signal.

to alter the

complexity of the interference

Therefore, recommendations have been

determined for electrode placement and the greatest ablity to record the

EMG signal (De

Luca, 1997). Placement of the electrode with respect to the muscle edge will cause the
electrode to pick up surrounding signals from other muscles, which

crosstalk. Crosstalk

crosstalk,

it is

categorized as a physical property.

recommended

belly of the muscle

The next
the

is

To reduce

that the recording electrode be placed

on

considered
the level of

to the midline or

(De Luca, 1997).

factor for consideration

motor points within the muscle;

at the

region of

the'

is

the location of the electrode with respect to

this factor will

frequency characteristics of the signal.
values occurred

is

An

enhance or impede the amplitude and

investigation found that the highest

motor point then decreased proportionally

distance from the motor point increased

(Roy

et al, 1986).

The

MDF
as the

further the electrodes are
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placed from the motor point, the lower the detectable signal amplitude. This occurs

because the action potential does not regenerate

itself

along the muscle

fiber.

When

using a bipolar configuration placement of the electordes over the motor point should be
avoided. Motor unit action potentials travel bidirectionally from the motor point.

Therefore, placing bipolar electrodes over the motor point will cause signal cancellation,

producing inconsistent

EMG recordings (Kamen and Caldwell,

electrode also affects the estimates of conduction velocity, and

estimates of conduction velocity were most stable
the distal tendon and the innervation zone

(Roy

when

1996). Placement of the

has been found that

it

the electrode

et al, 1986).

As

is

placed between

previously stated,

placing the electrode on the lateral edge of the muscle will cause the electrode to pick up

signals

from neighbouring muscles (De Luca, 1997).

Orientation of the detection surface in relation to the direction of the muscle fibers

is

also a detection system factor.

that the electrodes

be placed

(Kamen and Caldwell,
muscle

fiber.

The

To maximize

in parallel to

1996).

the signal detection

each other and

Each electrode

When

other, the action potential

is

has been suggested

with the muscle fiber

will detect the signal traveling along the

signal will be taken to the amplifier,

signals will be amplified.

in line

it

where the difference of the

the electrode configuration

is

positioned parallel to each

preserved from algebraic subtraction

(Kamen and Caldwell,

1996). Evidence suggests that detected action potential amplitude will decrease

when

the electrodes are positioned perpendicular to the

by

50%

muscle fiber (Moller, 1966).
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Criticisms of Surface

The main

EMG

criticism of surface

are not related to the

EMG recordings is that the processing techniques

MU firing patterns.

Therefore, surface

EMG is not capable of

distinguishing which firing pattern (recruitment or rate coding) contributes a greater

change

to the

complex interference

pattern

(Zhou and Rymer, 2004a). The surface

EMG

interference pattern contains information concerning both recruitment and firing rates,

which

command

reflects the

of the central nervous system to control the muscle (Zhou

and Rymer, 2004b). However, the surface

EMG recording is distant from the active MU,

therefore, understating the contribution of that

Superposition of

appearance of the active

MUs

MU.

with respect to the recording electrode can alter the

MUs. The

characteristics such as, amplitude

and duration of the

MUAP is dependent on the depth of the MU, muscle fiber type and MFCV (Zhou and
Rymer, 2004b). The further the

masked

characteristics are

Spatial filtering

surface electrodes.

number of tissues

in the

MU

is

situated

from

the electrode the greater the

EMG signal.

and impedance levels are also a concern when recording with

As previously

stated, the electrical current

must pass through a

(adipose, fascia, and skin), this creates internal

impedance

propagation of the signal (Zhou an Rymer, 2004a). The impedance

is

to the

dependent on the

frequency of the signal, as lower frequency signals are affected less than higher
frequency signals (Lindstrom and Magnusson, 1977). Therefore, the further the signal

from

the recording electrode, the greater the degree of spatial filtering

is

and low-pass
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filtering.

This causes a smoothing of the morphological characteristics, such

number of peaks per

spike.

The advantage of spike shape
inferences about individual

the activity of individual

muscle.

It is

analysis

MU activity.

MU,

is

that the criticisms apply to

Spike shape analysis does not

but rather, provides a generalization of

understood that surface

that factors outlined

as, the

EMG is a global

with traditional time and frequency analysis (Farina

The following paragraphs

will explain

why

try to describe

MUs

all

measure of muscle

above create problems when determining the
et al,

making

within the

activity,

activity of the

and

MUs

2004; Zhou and Rymer, 2004c).

spike shape analysis

is

exempt from these

criticisms.

The spike shape measures
characteristic of motor units

demonstrated by

its

peaks.

still

are constructed based

preserved

in

Each spike has a

on

the fact that "the only

a full interference pattern

certain

superimposed motor units." Each of the measures

is

is

the shape, as

number of peaks, representing
calculated based on the

active

number of

spikes or peaks represented in the interference pattern. Therefore, changes in the peaks
are associated with deterministic

changes

in the general firing pattern

number of peaks per spike have been shown

Changes

in the

different

MU firing strategies (Magora and Gonen,

pattern

is

dominated by

lower threshold

MUs

fast twitch or

1970).

to

of the muscle.

be associated with

Whether

the interference

slow twitch MUs, or newly recruited

(Zhou and Rymer, 2004a), changes

MUs

mask

the

in the interference pattern will

provide generalizations toward muscle activity.
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The summation of MUAPs associated with increased
interference pattern shape that

and the same for
change

is

different

MU synchronization.

in a deterministic

surface

EMG interference pattern shapes

to the type of

MU firing.

Recurrence

EMG signal has already demonstrated that the

EMG interference pattern can change in deterministic ways (Fattorini et

Farina et

al.,

2002;

Webber et

al.,

an

that is associated with recruitment,

Thus, surface

way according

quantification analysis of the surface

from one

firing rate results in

al.,

2005;

1995).
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CHAPTER 3: METHODS AND MATERIALS
Subjects

Ninety-six healthy subjects (50 females and 46 males) were recruited for the

present study. After each subject

was verbally acquainted with

each subject provided his or her written informed consent

the experimental design,

to participate in the study

(Appendix A), which was approved by the Brock University Research Ethics Board
(Appendix B). All subjects were free of upper body

disabilities

and were

right handed.

Sample Size Estimation

The sample

size for the present study

case four formula (Appendix C).
for the criterion measures

who

was determined using

The means, standard

Cohen's (1969)

deviations, and reliability values

were obtained from a prior investigation by Gabriel (2000),

studied the reliability of

EMG spike parameters during concentric contractions.

Cohen's (1969) case four formula was applied
Gabriel 2000

the

to

each of the criterion measures

(MSA, MSS, MSF, and MNNPS) (Appendix

C).

Each

criterion

listed

by

measure

estimated a different sample size value. Therefore, the present study accepted the largest

sample size estimate as the minimal number of subjects. The required sample size was
estimated to be 38 subjects as based on the calculations in appendix C. The present study
recruited 96 subjects for

two reasons; a balanced the experimental design, and

strength to the correlational data.

A disadvantage of a repeated

to

measures design

add
is

the

carryover effect. Therefore, creating a balanced design will eliminate the practice effect
(Portney and Watkins, 1993). This experimental design insures that

all

possible

combinations of force levels were used within the study.
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Experimental Design

Testing Procedure

The

testing procedure required

one testing session. The subjects arrived

at the lab

and the investigator took anthropometric measurements and skin fold thickness. These
values were placed in a data collection table (Appendix D). During the study, subjects

were asked

perform a series of isometric contractions. The subjects

to

maximal voluntary isometric contractions (MVCs), which were held
seconds and separated by 3-minute
3 trials

was used

to identify the

MVC (40, 60, 80, and

subjects.

The

mean maximal

(Bilodeau

contraction,

completed 3

for a length of 5

et al, 1997).

The mean of

MVC,

the

from which percentages of

100%) were constructed. The subjects were required

each percentage of

trials at

rest intervals

first

the presentation of the trials

to

perform 3

were balanced across

12 step contractions were held for 5 sec periods with a 3

min

rest

between

each contraction.

Apparatus and Testing Position

The
Laboratory

testing session took place in the

Raymond Nelson Reid Biomechanics

Brock University. The subjects were placed within a Faraday cage

at

(reducing environmental electrical noise) and seated in an adaptable chair.

were fastened

The

right

to the chair using

arm of the

elbow flexed

to

subject

Velcro®

straps,

was positioned

90 degrees. The elbow

subjects

reducing any extraneous movement.

in the sagittal plane,

rested

The

on a support

with the shoulder and

in a neutral position

(mid

pronation/mid supination) and placed within a wrist cuff, fastened below the styloid
process.

The

wrist cuff

was attached

to a load cell

(JR3

Inc.,

Woodland, CA) recording
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An

the force produced.

for

two purposes.

subject. Secondly,

oscilloscope (Hitachi,

oscilloscope

First, the

it

2.5% of the required

VC-6525) was

was used

set in front

of the subject

to set the desired force level for the

provided a source of visual feedback to the subject. Error bars of ±
force were constructed around the given force level (refer to Figure

11).

Force and Voluntary

EMG Recording

Prior to electrode placement the subject's right

arm was prepared

to reduce signal

impedance during the recording. The recording surface was shaved, abraded with

NuPrep®, and then cleansed with

alcohol. This reduced the signal

than 10 kQ, as measured with an impedance meter (Grass

Warwick,

RI). Skin-electrode

impedance

EZM5, Astro-Med

to less

Inc.,

West

impedance was measured by passing a 30 Hz signal

between recording electrodes. Surface stimulation over the biceps brachii was used
identify the muscle's

motor

To

point.

record the surface

Astro-Med

Inc.,

2cm

distal to the

motor point

interelectrode distance of

2cm.

The

signal

from

the biceps brachii

a bioamplifier (Grass P51

1,

example recording of biceps

in a bipolar configuration

A 5cm ground electrode (CF5000,

Manufacturing CO., LTD, Fallbrook,

CA) was

Inc.,

the belly of

with an

Axelgaard

placed onto the clavicle (see Figure

was bandpass

Astro-Med

recording

West Warwick, RI) were placed on

electrodes (Grass F-E9,

the biceps brachii,

EMG, Ag/AgCl

filtered

to

12).

(3-1000 Hz) and amplified with

West Warwick,

RI). Figure 13 depicts

an

EMG and force for the experimental conditions.
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Signal Processing

After the signals were amplified, the signals were sent to a connector block

(BNC-21

10,

National Instruments). The connector block was then connected to data

acquisition card with a 16-bit analogue to digital converter.

a

The

signals

were then sent

Computer-Based Oscillograph and Data Acquisition System (DASYLab,

National Instruments, Amherst,
stored on a Pentium

III

PC

NH) and sampled

(Seanix Technology

at

Inc.,

a frequency

to

DASYTEC

2048 Hz. The data was

Blaine,WA)

for further data

reduction (refer to Figure 14).

& Statistical Analysis

Data Reduction, Criterion Measures

The

criterion

parameters:

traditional

measures used during the study include the five surface

MSA, MSF, MSD, MSS,

and

MNPPS

(refer to

Appendix

EMG measures RMS, MPF, and MDF (Appendix F).

E),

and the

Data reduction was

completed using the computer program Matlab version 7.1 (The Matworks

MA). The

data

was calculated from a

1

sec

window

centered

EMG spike

at the

Inc.,

Natick,

middle of the

contraction (see Figure 15).

Preliminary analysis showed no significant

trials

was used

for further analysis.

one way repeated measures
identify trends in the

used

to

MSA,
Inc.,

Each of the

ANOVA design.

trial effect,

criterion

so the

Orthogonal polynomials were used

means across experimental conditions.

MPF and MSF.

to

A Pearson's correlation was
MNPPS, RMS

All statistical procedures were performed in

Chicago, IL), with alpha

three

measures was analyzed using a

determine the relationship. between skin fold thickness and

and

mean of the

SYSTAT

and

(SPSS

set at the 0.01 probability level.
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Figure 11.

An

experimental set-up of

Woodland, CA)
Laboratory

at

in a

Faraday cage

EMG and force recordings on a load cell (JR3

in the

Inc.

Raymond Nelson Reid Biomechanics

Brock University
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Figure 12. Depicts the electrode configuration and load
and force of the biceps

brachii.

cell

used to record surface

EMG

Interelectrode Distance (IED).
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Biceps Brachii
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Figure 13.

Illustrates

elbow flexion force and representative bipolar

brachii, as well as associated spectral compression.

force increases from

MVC.

40

to

Upper Left

representing

100%

EMG activity of the biceps

Panel: Represents

EMG activity as

100%. Lower Left Panel: Represents the force traces from 40

Right Panel: Illustrates the power spectrum from 40 to

500

100% MVC, with

to

100%

the darkest line

MVC (note spectral compression). Surface Electromyography (SEMG),

Maximal Voluntary Contraction (MVC).
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Figure 14.

Illustrates the

equipment used

to collect

and store the

data.
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Elbow Flexion Torque and BB

3

Figure 15.

5

4

Time

SEMG

8

(sec)

A representative EMG and force trace,

calculate the criterion measures. Biceps Brachii

illustrating the

epoch of data used

to

(BB) Surface Electromyography (SEMG)
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CHAPTER 4: RESULTS
Subject Characteristics

Table 3 describes the physical characteristics of the subjects (n = 96) that
participated in the present study.

Force and Torque Production

Torque was evaluated across the experimental

test conditions.

During the

experimental protocol, fatigue was controlled with a 3-minute rest interval between each
contraction.

of the

first

A paired sample Mest was used to evaluate the difference between the

three contractions at

contractions at

in

100% (mean

2).

maximal force output from

was a

MVC (mean

100%
The

the

1)

and the mean of the

results indicate that there

mean

1

to

mean

2,

t

=

6.5 15,

significant reduction in the force production, there

N; 2.18%). The same was true for the

was a

p<

was no

last three

significant decrease

0.01.

Though

practical

EMG indicators of fatigue:

mean

there

change (5.682

RMS, MPF, and

MDF

(Table 4).

Skin Temperature

During the experiment temperature was monitored
experimental protocol and then again

was used

to

determine

if

there

at the

was any

at the

cessation of the

test.

significant difference.

skin temperature increased 0.61 degrees Celsius

(r

=

-4.340,

beginning of the

A paired sample Mest

The

p<

results

showed

that

0.01).
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Table

3.

Subjects Physical Characteristics

Table

4.

Depicts the pre and post measures

torque, root

at

100% maximal

voluntary contraction for

mean square (RMS), mean power frequency (MPF), and median power

frequency (MDF).

Measure

Electromyographic Activity

The

EMG activity of the present study was examined using both traditional

measures (RMS, MPF,
analysis

MDF)

and measures collectively referred

to as spike

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

Traditional

EMG Measures

Presented in Table 5 are the means, standard deviations, and

the traditional

mean

RMS

EMG measures.

As

force increased from

99.9% of the

Statistical trend testing

total

variance (p

<

0.01).

Mean power

MVC there was a 7% (6 Hz) decrease in MPF.
had significant

(p

<

100 percent

MVC,

frequency showed a significant

80%

of

MVC. From 80 to 100%

Thus, trend analysis revealed that

(7.6%) between 80 and

to

80% MVC.

MPF

99.0% of

MDF exhibited a significant decrease (p < 0.01).

means remained unchanged from 40

the

mV (288.2%; p < 0.01)

0.01) components to the quadratic degree accounting for

the total variance. Similarly,

<

to

ANOVA F-ratios for

determined that the linear increase accounted

decrease (p < 0.01). The means were stable from 40 to

(p

40

value exhibited a significant linear increase of 0.997

(refer to Figure 16).

for

shape

The

Then, there was a decrease of 5.5

100% MVC. Median power frequency

0.01) trends to the quadratic degree, accounting for

Hz

therefore had significant

99.3% of

the total variance (refer

to Figure 17).

67

00
NO

c
ea

'3

u
-a

c
c3

PL
a.

c
3

o

a
c
E
00

IT

3
c
C3

O
O
if

3

CP

!S1

O

•o

Biceps Brachii

SEMG RMS Amplitude

60

80

Force (%

MVC)

Figure 16. Depicts the trend for surface electromyographic

(RMS),

as force increased

from 40

to

100

100% maximal

(SEMG)

root

mean square

voluntary contraction

(MVC).
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Traditional

Frequency Measures
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Figure 17.

Illustrates the trends

(MDF) followed

100

MVC)

mean power frequency (MPF) and median frequency

as force increased

from 40

to

100% maximal

voluntary contraction

(MVC).
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Spike Shape Analysis

Reported

in

Table 6 are the means, standard deviations, and F ratios for the spike

shape analysis measures, during the experimental

from 40

to

99.8% of

MDF),

100% MVC. As shown with

significant linear

Hz

of

MVC. Mean

MVC (6.563 Hz; 7.7%) (Figure

100%

Mean

spike

(8.3%; p < 0.01), as force increased

the traditional frequency measures

MSF remained stable from 40 to 80%

decreased from 80 to

force increased

the total variance (Figure 18).

frequency exhibited a significant decrease of 7.2

to

As

MSA exhibited a monotonic increase of 2.324 mV (157.5%; p <

100% MVC,

0.01); this linear trend accounted for

from 40

test conditions.

(MPF and

spike frequency then

19).

Trend analysis revealed

and quadratic components accounting for 99.2% of the

total variance (p

<0.01).

Mean

spike duration displayed a significant increase of 1.27

force increased

from 40

to

100% MVC. Examining

was a 3.09% (0.297 msec) increase

was between 80

As

to

100% MVC,

as

a result, statistical trend testing

accounted for 98.75% of the
significant (p

<

test

for

The

showed

that linear

variance (p

MNPPS

total

<

0.01).

that there

(Figure 20).

and quadratic components

As

mV/msec

force increased,

MSS

had a

(248.1%). The linear trend

variance (p

<

0.01) (Figure 21). Across the

exhibited a monotonic decrease of 0.104 peaks per

spike (-7.21%). Trend analysis determined that the linear reduction accounted for

of the total variance (p

<

as

largest increase

MSD lengthened by 9.8% (0.975 msec)

99.53% of the

conditions

change showed

MSD from 40 to 80% MVC.

0.01) linear increase of 0.449

component accounted
experimental

total

in

the percent

msec (13.24%)

90.9%

0.01) (Figure 22).
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u

Biceps Brachii

60

80

Force (%
Figure 18. Represents the
amplitude

(MSA)

SEMG MSA

100

MVC)

activity of surface electromyographic

as force increased

from 40

to

100% maximal

(SEMG) mean

spike

voluntary contraction

(MVC).
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Biceps Brachii

60

Force (%

SEMG MSF

80

100

MVC)

Figure 19. Depicts the trend followed by mean spike frequency (MSF), as force
increased from 40 to

100% maximal

surface electromyography

voluntary contraction

(MVC). As

detected by

(SEMG).
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Biceps Brachii

60

Force (%

SEMG MSD

80

100

MVC)

Figure 20. Describes the pattern of change surface electromyographic
spike duration

contraction

(MSD)

(SEMG) mean

followed as force increased from 40 to 100% maximal voluntary

(MVC).
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Biceps Brachil

60

SEMG MSS

80

Force (%

MVC)

Figure 21. Using surface electromyography (SEMG), mean spike slope (MSS) followed
a linear trend as force increased from

40

to

100% maximal

voluntary contraction

(MVC).
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Biceps Brachii

SEMG MNPPS

60

Force (%
Figure 22. Depicts the change

in the

80

100

MVC)

mean number of peaks per

spike

(MNPPS)

with surface electromyography (SEMG), as force increased from 40 to
voluntary contraction

recorded

100% maximal

(MVC).
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Correlation Analysis

The secondary purpose of the study was
between skin fold thickness and the

MNPPS,

that

if

significant relationships existed

at

relationships.

<

0.01),

A

and

and frequency measures, the

Mean

there

was a

relationship

between spike

Pearson's correlation was used to

MNPPS

100% MVC. However, when comparing

traditional time

if

between the variables. The

no significant relationship existed between

p>0.05)

determine

as well as a relationship

shape measures and their traditional analogues.
determine

to

results

and skin fold thickness

showed
(r

=

0. 16;

the spike shape measures to their

results revealed highly correlated

spike amplitude was significantly correlated with

RMS

(r

=

0.99;

p

MSF was highly correlated with MPF (r = 0.97; p < 0.01).
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CHAPTER 5: DISCUSSION
The major findings of this study revealed

MVC,

that as force increased

the results suggested that the biceps brachii relied

MNPPS,

showed

MU recruitment.

MU synchronization.

increases in force followed the predictions for

findings of the study

on

from 40

that increases in skin fold thickness

to

80%

Further

The secondary

had no effect on the

and that the spike shape measures were highly correlated with

their traditional

time and frequency analogues. These findings will be discussed in the subsequent

sections.

Methodological Controls

Fatigue was controlled with a 3-minute rest interval between each contraction.

The difference between

the

means of the

first

100%

three and last three contractions at

MVC was used to evaluate the presence of fatigue.

Elbow

by

flexion torque decreased

1.5

Nm (2.2%), biceps brachii RMS was reduced by 8 uV (0.6%), while MPF increased 2

Hz

(3%). Since these changes are of no practical value (Gabriel et

concluded that fatigue did not contaminate the

results.

al,

2001c),

it

was

Similarily, skin temperature

skin-electrode impedance were assessed before and after the testing to determine

had an

affect

upon

the present results. Skin temperature increased

(2%) while impedance decreased by 0.2

kQ

if

and
they

by 0.6 degrees Celsius

(3%). Since no practical significance can be

placed on slight alterations in either skin temperature (Rutkove, 2000) or impedance

(Hewson, 2003), they were not related

to the

observed

results.
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Traditional Measures

As

force increased from

40

to

100 percent

MVC,

mV (288.2%; p < 0.01).

significant linear increase of 0.997

mean

the

mV from 40 to

100% MVC.

increase accounted for

RMS

Statistical trend testing

99.9% of the

as force increases has also

increase in

RMS

<

increase of

who found an

increase of

determined that the linear

0.01).

The

linear increase in

been observed by others (Lawrence and Deluca, 1983;

Karlsson and Gerdle, 2001; Babault

The

variance {p

total

value exhibited a

The absolute

0.997 closely resembles the findings of Beck and others (2005),
0.818

RMS

et al,

2001, Ferrario et

al,

2004; Beck

et al,

2005).

has been attributed to increases in firing frequency,

synchronization, or recruitment of

new motor

units (Kranz et

al,

1985; Bilodeau

et al,

2001).

A common measure of the power spectrum is MPF.
that the

MPF ranged between 75.61

MVC. The

to 82.62

submaximal values obtained

(84.9 to 85.

Hz

The present study showed

as force increased

in the present study closely

Hz) found by Beck and colleagues (2005), as well

Gabriel and others (2001b) studying isometric contractions. The

work exhibited no change
corroborates with the

who found no

as force increased

work of Beck and

significant differences in

from 40

Hz

to

to

100%

resemble the values

those reported by

as,

MPF in the current

80% MVC.

This finding

others (2005) and Westgaard and Deluca (2001),

MPF between these

study found that as the force increased from 80 to
significant decrease of 5.683

from 40

force levels. However, this

100% MVC,

the

MPF exhibited a

(6.98%).

80

When
put forth.

looking

The

documented

first

at the traditional

theory

motor control scheme for force output by the muscle

(Westgaard and Deluca, 2001).

has been stated that lower threshold

It

higher firing rate then high threshold

showed

that as force increased

suggested the recruitment of

MUs when

from 40

new

MUs

to

initially recruited.

80% MVC, RMS

MPF value

initial firing rate

This

is

have a

The present study
which has

linearly increased,

The plateau

new MUs, depressing

in

active

new

MUs

MUs. The average

MPF can also be explained as

the firing rate of the active

MUs.

consistent with previous findings of Westgaard and Deluca (2001).

As

force increased

from 80

frequency or synchronization.

from 80

a linear increase

to

increased force from 80 to

100%

to

When

it

is

clear

traditional measures,

RMS

MPF showed a significant decrease.

that the biceps brachii relies

100% MVC. An

probability of temporal overlap between

MPF. However,

MVC the muscle relied on either MU firing

examining the

100%, while

and Clamann (1981) suggested

Thus,

will

this suggests that as

was lower than already

therefore remained unchanged.

a result of the recruitment of

MUs

(Kukulka and Clamann, 1981). Mean power

frequency exhibited a plateau over the same force levels,

were recruited, the

may be

based on the onion-skin phenomenon, which has been

is

as a simplified

measures collectively, a couple of theories

on increases

in

Therefore, looking

that with just

at the

two

Kukulka

MU firing for

increase in firing rate, increases the

MUAPs,

this

would be

reflected in a decrease in

MU synchronization would produce the same result (Hayes,

now

exhibited

1978).

EMG measures, the results are ambiguous.

spike shape measures collectively will provide further insight.
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Spike Shape Measures

The spike shape measures consisted of MSA, MSF, MSD, MSS, and MNPPS.
This study hypothesized that the spike shape measures would follow the predicted pattern
of change for increases in

MU recruitment as force increased from 40 to 80% MVC.

further increases in force,

it

was hypothesized

that the spike shape

follow the predicted pattern of change for increased

measures would

MU firing rate.

predicted patterns of change for the spike shape measures, and Table

actual changes that

MVC,

were observed

the results propose that the

increased from 80 to

100% MVC,

would be an increase

in firing

in the study.

dominant
it

As

Table

7B

force increased from

that the

dominant

7A

states the

describes the

to

80%

As

force

40

MU activity was recruitment.

was hypothesized

For

MU activity

frequency. However, the results suggested that the spike

shape measures followed the predicted changes for an increase in he synchronization of

MUs. Each

of the these measures will be discussed in sequence, then collectively

interpreted to determine the

MU activation pattern that predominates the biceps brachii

during increases in force.

Mean

spike amplitude exhibited a significant linear increase between

100% MVC. This

who found
force.

the

(2.76

is

not supported by the

a quadratic increase in

Recall, the

motor

finding

point.

± 0.88mV)

work of Komi and

40 and

Viitasalo (1976),

AMUP amplitude during an increase in contractile

AMUP is the peak-to-peak amplitude of the EMG signal recorded over

Mean

spike amplitude values at

100%

MVC also coincide with values

previously found by Gabriel (2000).
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Table

7.

Depicts the differences between the predicted patterns of change (7A) and the

actual changes (7B) of the spike shape measures.

A)

Contraction Level

Examining MSF,

means remained

the

result is similar to Ericson (1982)

MVC.

stable

between 40

who found no change

Westgaard and De Luca (2001) suggested

in

to

80% MVC.

This

MPF between 20 to 50%

that this plateau is in response to the

recruitment of higher threshold fibers depressing the firing frequency of the already

recruited

MUs. As

decrease of 6.563

force further increased from 80 to

Hz

(7.7%).

The decrease

in

100%

MSF mimics

MVC there was a significant
its

traditional frequency

analogue (MPF), and previous research has already found these two measures to be
highly correlated (Gabriel 2000; Gabriel et

used as a general measure of

al,

2001a).

Mean power

frequency has been

MU firing frequency (Kukulka and Clamann,

1981;

Christensen and Fuglsang-Frederiksen, 1986; Fuglsang-Frederiksen and Ronager, 1990).
Therefore, the results suggest that as force increased from 40 to

firing rates

of the

MUs

MVC the average

80%

did not change, however, as force increased from 80 to

100%

MVC a sharp decline in the MU firing frequency was evident.
In the present study, force increased

1.27

from 40

to

100% MVC,

msec (13.24%). Mean spike duration has been used

to identify

MSD increased by
changes

in firing

frequency (Fusfeld, 1971). Fusfeld (1971) found that as firing rate increased the
subsequent mean wave duration decreased.
an increase in

mean wave

A

decrease in firing rate was associated with

duration. Fusfeld (1971) suggested that the increase in

wave duration was associated with increased synchronization
maximal voluntary

mean

as the force increased near

contraction.

The present study showed

that as force increased

from 40

to

100% MVC,

exhibited a significant linear increase of 0.45

mV/msec (248%). Mean

synonymous with amplitude

developed by

/ rise

time

ratio,

Komi and

MSS

spike slope

is

Viitasalo (1975).
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The amplitude

/ rise

time ratio provides insight into changes in muscle fiber type, as fast

twitch muscle fibers have been

rise

shown

have relatively greater amplitudes and shorter

times than do slow twitch muscle fibers (Olsen et

result suggests that as force increased

were recruited

The

from 40

to

sense, the

2001).

final spike

shape measure

100%

MNPPS

100% MVC,

to

is

MNPPS;

to differentiate

MUs

MU. The

results

showed

to

that as force increased

In an absolute

exhibited similar values to the studies conducted by Gabriel (2000;

MU (Magora,

force increased and

MUs

firing

to describe the degree of

1970). Initially, the

between myopathic and neuropathic

myopathic subjects had an increased

is

higher threshold

measure was originally used

this

The number of peaks per spike has been used

This

1968; Buchthal, 1972). This

MVC the MNPPS showed a linear decrease of 7.21%.

asynchronous firing of the active

firing.

from 40

al,

to sustain the required force level.

provide information about the active

As

to

subjects.

MNPPS

were used

Magora (1970) found

that

frequency as muscular contraction increased.

were recruited, there was a greater degree of asynchronous

caused by the inability of

MUs

in

myopathic muscle

to

synchronize

(Walton, 1952), while neuropathic subjects showed a decreased number of peaks per
spike indicating a synchronous firing pattern.

subjects

is

caused by the disintegration of

for the loss of

MUs,

the remaining

The synchronous

MUs

firing seen in neuropathic

from within the muscle. To compensate

motor units must synchronize

production. Therefore, the decrease in the

MNPPS

that as force in the biceps brachii increased, the

found

MUs

to increase force

in the present study suggests

fired in a

more synchronous

manner.
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The advantage of spike shape
collectively to determine the

analysis

MU firing pattern.

as force increases, each of the spike shape

The spike shape measures

in

MSA may be

measures are looked

at

Therefore, to determine the firing pattern

measures will be evaluated cooperatively.

indicate that, as force increased

muscle relied on increased recruitment

Changes

that all the spike

is

to increase force

from 40

80% MVC,

to

production (refer to Table 7B).

indicative of an increase in recruitment, firing frequency, and/or

synchronization (Kranz et

al,

1985; Bilodeau et

al,

activation patterns, the other spike shape measures

To

2001).

differentiate

must be examined.

It

between these

can be

reasonably argued that an increase in amplitude was not associated with an increase in
firing frequency, as

supported by

De Luca and

increase between

pattern

colleagues (1982),

40 and 80%

between these force

increased,

1975).

MSF did not change as force

which

Taken

is

MVC,

levels.

increased to

who

80% MVC.

This finding

is

reported that firing rate did not

suggesting that recruitment was the major activation

Further support for recruitment

indicative of recruiting higher threshold

MUs

is

the fact the

(Komi and

MSS

Viitasalo,

together, these results support earlier claims that the biceps brachii relies

on increased recruitment up

to a level of

approximately

80%

MVC (Kukulka and

Clamann, 1981).

Not only were
recruitment of

MUs

MUs recruited between 40 and 80% MVC,

it

is

believed that the

followed the onion-skin phenomenon (Westgaard and

2001). This theory suggests that lower threshold
than newly recruited high threshold

MUs. The

MUs

will

have higher

De

Luca,

firing frequencies

spike shape measures have already

supported the increase in recruitment, and that the recruitment introduced higher
threshold

MUs

up

to a level of

80% MVC. When examining MSF,

it

showed

that the
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firing rate of the

MUs did not change.

the high firing rate of the

high threshold

MUs

This

low threshold

produced a stable

MUs

firing

Westgaard and Deluca (2001) suggested
recurrent inhibition by

Renshaw

produce a decline in the active
Therefore,

it is still

cells.

MUs

possible that

is

suspected to be a product of averaging, as

and the relatively lower
frequency from 40

to

firing rate of the

80% MVC. However,

that the depression in firing rate is

It

was proposed

that the

Renshaw

firing rate during recruitment of

caused by

cells

would

new MUs.

some combination of the two produced

the stable

MPF

and MSF.

As

force increased above

thought that the predominate

80%

MVC for the biceps brachii,

(refer to

MVC (refer to Table 7B).
increases,

Examining

MSS

was

MNPPS

MSA shows an increase,

decreased.

the predominant

MSF is

probability of temporal overlap that

Taken

together,

MU activation pattern. A
this is additional

a product of synchronization and not an increased

would accompany an increase

in firing frequency.

increase in amplitude and the decrease in firing frequency have been

with synchronization during fatiguing contractions (Merletti and

needs to be elucidated
a product of fatigue.

is

that the activation pattern

As previously

investigation. Further, there

above

at force levels

MSF occurred in conjunction with a decrease in MNPPS,

evidence that the decrease in

The

MUs

the spike measures,

increases and

these results indicate that synchronization

decrease in

originally

Table 7A). However, the results of the spike

shape measures follow the predictions for synchronization of

MSF decreases, MSD

was

MU activation pattern was an increase in firing frequency

(Kukulka and Clamann, 1981)

80%

it

stated,

Lo Conte,

was a product of neural

shown

1997).

drive,

What

and not

no fatigue was associated with the present

was no slowing of MFCV

as

MSS

continued to increased,
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which

is

indicative of recruiting higher threshold

velocities.

MUs

with relatively faster conduction

Force also showed no practical change, as was documented

Therefore, as force increased from 80 to

earlier.

100% MVC, synchronization of MUs was

not a

byproduct of fatigue, and was the result of a neural pattern associated with an increase in
force.

shown

Past research concerning the existence of synchronization has

in

that

it

exists

both simulation and experimental studies using surface detection (Zhou and Rymer,

2004a; Yao et

al,

2000; Erimaki and Chritakos, 1999). The prevalence of

synchronization in indwelling recordings has also been established within and between

muscles (De Luca

et al, 1993;

Kamen and Roy,

2000; Mellor and Hodges, 2005).

However, the indwelling studies report a very small
and colleagues (1993) used
contractions at

30%

level of synchronization.

De Luca

quadrifillar needle electrodes to study the effects of isometric

MVC on synchronization of MUs.

The synch index

(represents the

percentage of synchronized firings beyond what would be expected by chance) indicated
that only

8%

of

MU pairs exhibited short-term synchronization, and % of pairs revealed
1

long-term synchronization.

A second finding by De

Luca and others (1993) was

that the

synch index was not distinguishable between small muscles or large muscles. However,
the smaller muscles

were distinguishable from larger muscles, showing a greater

synchronization. This finding suggests that

synchronization

is

relatively the

can differ between muscle

same

when synchronization

for each muscle,

level of

occurs, the level of

though the number of active

MUs

sizes.

Indwelling electrodes have also shown no difference in the level of
synchronization between younger and older adults

(Kamen and Roy,

2000).

Kamen and
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Knight (2004) reported that age related changes such as
sixth decade. This loss of

and

to

MUs has been shown in

maintain high levels of force

are highly synchronized

it

MU loss, begins at about the

neuropathic patients (Walton, 1952),

has been established that the

MUs of these

patients

(Magora and Gonen, 1970; Fusfeld, 1971). However, Kamen

and Roy (2000) reported conflicting

results.

Kamen and Roy

(2000) studied the

first

dorsal interosseous muscle of younger and older adults with indwelling electrodes.

The

subjects were asked to perform isometric abduction of the second finger at 50 and

100%

MVC. The

results of the study

showed

that there

were no significant differences (p >

Though

0.05) between groups for indices of synchronization.

the

measurements of

synchronization tended to be larger as the force reached maximal levels.

The question
signal

that

when indwelling

emerges

is

why

synchronization was observed in the

studies fail to demonstrate that

it

is

a dominant

SEMG

MU firing pattern.

Needle and indwelling wire recordings have a relatively small pick-up volume of muscle
Since

tissue.

reflect

SEMG reflects

what multiple

MUs

a larger recording area

are doing at the

same

it

may

be in a better position to

time, through analysis of their

interference pattern at the skin surface.

Relationship between

When

recording surface

number of tissues
is

MNPPS and Skin Fold Thickness

(fascia, fat,

EMG the signal from the muscles must pass through a

and

skin).

Research suggests that the surface

EMG signal

attenuated by increasing adipose tissue beneath the recording site (Bilodeau, 1990).

muscle

is

recruited during increased force production, the fast twitch

As

MUs will have a

higher frequency content of the signal. Therefore, Basmajian and Deluca (1985)
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suggested that the higher frequencies are attenuated due to the low pass filtering affects
of the tissue.

A study conducted by Hogrel

unidentifiable

on the surface of the skin

MUAPTs

that the

(2003) showed that

in 7 of 10 subjects.

The

thickness of 96 subjects.

EMG signal.

The

MNPPS

was thought

results indicated that there

increasing thickness of the skin fold and

thickness did not impede the other

component of the
used

the

EMG signal.

in a relative sense.

as the

It is

MPF ranged from 75

MNPPS

The suggested reason was

MNPPS

MNPPS

However,

can

be a high frequency component of

was no
(r

=

and the skin fold

relationship

0. 16;

p>

between the

0.05). Skin fold

be considered a higher frequency

to

component must be

EMG signal was a low frequency signal,

82 Hz. Therefore,

was a low enough frequency

still

the term high frequency

suggested that the

to

to

MNPPS

EMG measures from being significant at any force

This finding suggests that the

level.

were

attenuated due to an increased thickness of adipose tissue.

This study examined the relationship between the

the

MUAPTs

it is

suggested that in an absolute sense,

be unobstructed by the increase

in skin fold

thickness.

Relationship Between Spike Shape and Traditional Measures

This study showed that

RMS

(r

=

0.99;

p<

0.01). This finding

MSF,

is

a time

is

stationarity),

and

that

measure

MSF was highly correlated with MPF (r = 0.97; p <

consistent with Gabriel (2001a; 2001b).

domain

domain. However,
(i.e.

0.01),

MSA was highly correlated with its traditional

analysis that reflects the

MSF does not share the

The spike shape measure

same information

same

as the frequency

restrictions as the

frequency domain

and be used during dynamic contractions.
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CHAPTER 6: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
Summary

EMG interference pattern with both traditional

This study examined the surface

measures (RMS, MPF, and

MDF)

and a more innovative approach collectively termed

spike shape analysis. In the past, research studied the

use of single measures and tried to

make

EMG interference pattern with the

inferences about the underlying mechanisms

controlling the muscle. This approach provided incomplete answers to the activation of

muscles during increases

in force

production. Analyzing the measures of spike shape

analysis to determine the activation of muscle activity will provide a solid

framework

to

study the activation patterns of the whole muscle.

The purpose of the research was
spike measures and force, to determine

frequency.

tissue

MNPPS, and

if

force production,

between the

five

to describe the effect of

measures were related

was hypothesized

subcutaneous

to their traditional

that as the biceps brachii increases

MU activity would rely on recruiting more MUs up to a level of 80%

then further increases in force would be produced by increases in firing frequency

MUs

theory.

on

It

the relationship

they follow the predictions for recruitment and

the spike shape

time and frequency analogues.

of the

if

examine

A secondary purpose of this paper was

on the

MVC,

to

(Kukulka and Clamann, 1981). However, the

The

results suggest that as force increased to

results support a different

80% MVC,

the biceps brachii relied

MU recruitment as was found by Kukulka and Clamann (1981), however, further

increases in force relied on synchronization of the

frequency.

It is

to

be noted that these two

MUs and not an

increase in firing

MU firing patterns did not occur in isolation
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.

from each
because

80% MVC,

other. Rather, the early stages of synchronization started before

MSD and MNPPS do not follow the exact predictions for recruitment.

When

examining the relationship between the

was hypothesized

that the

MNPPS

would decrease

MNPPS

and skin fold thickness,

it

as the skin fold thickness increased.

This assumption was based on the fact that subcutaneous tissue has low pass filtering
properties (Basmajian and

component of the

De

Luca, 1985) and that

EMG signal.

MNPPS

is

a high frequency

Therefore, as skin fold thickness increased

more high

frequency signals would be filtered out. The results indicate that there was no

between

relationship

MNPPS

and skin fold thickness, and

that skin fold thickness did not

hinder the ability of finding significant differences across the experimental
conditions.

A Pearson correlation also found that

test

the spike shape measures

were highly

correlated with their traditional time and frequency counterparts.

Conclusions

Based on the hypotheses

1

As hypothesized,

in

Chapter

1,

MSA linearly increased from 40 to 80% MVC, however, MSA

exhibited a linear increase from 80 to

2.

Mean

spike frequency did not follow

exhibited a plateau from 40 to

80

to

the present study concluded that:

100% MVC, when

its

a plateau

was expected.

predicted pattern of change.

80% MVC, and

As

MSF

then a subsequent decrease from

100% MVC.
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3.

Mean

spike slope increased from 40 to

pattern of change.

However, from 80

80% MVC, which

to

100% MVC,

followed the predicted

MSS

continued to increase,

which was not expected.

4.

Mean

spike duration exhibited an increase from

40

to

100% MVC, which was

inconsistent with the hypothesis.

5.

The

MNPPS

80% MVC,

decreased as force increased from 40 to

this finding did

not follow the predicted pattern of change. However, as force increased from 80

to

6.

100% MVC,

When

MNPPS

did plateau as expected.

80% MVC,

increasing force up to level of

activity relies

on

MU recruitment to increase force.

they followed the onion-skin

However,

it

the results suggest that

was believed

As

the

MUs

muscle

were recruited,

phenomenon (Westgaard and De Luca, 2001).

that the

change

in firing

frequency that

is

associated

with the onion-skin phenomenon was not present, due to the recruitment of

MUs

depressing the firing frequency.

7.

The

results indicated that there

thickness of the skin fold and

did not impede the other

The

MNPPS

is

was no

MNPPS

relationship

(r

=

0. 16;

between the increasing

p>

0.05). Skin fold thickness

EMG measures from being significant at any force level.

considered to be a high frequency component the

finding suggests that the

MNNPS

is

a high frequency

component

EMG signal, this
in a relative

sense and not in an absolute sense.
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8.

It

was found

that the spike

shape measures

(MSA

and

with their traditional time and frequency analogues

MSF)

RMS

highly correlated

and MPF, respectively.

This finding agrees with previous research, which also found that the spike shape

measures and traditional measures were highly correlated (Gabriel
Therefore,

it

Recommendations

The

2001a).

can be reasonably argued that these spike shape measures provide

same information

the

et al,

that the established

measures provide.

for Further Research

results of the present study are

based on a step contraction. However,

Bilodeau and others (1992) showed that the type of contraction used during a study will
result in differences in spectral characteristics.

ongoing contraction
1992).

that increases force linearly

Ramp contractions

approximately

80% MVC,

a level of only

40%

contraction type

is

recommended

determine
strategies.

if

A ramp contraction is defined as a single

have exhibited increases

1992).

to different recruitment

that further research

spike shape analysis

al,

MVC (Bilodeau et

in spectral characteristics

is

The theory explaining
and

rate

up

al,

to

coding

the difference in

strategies. Therefore,

it

should compare ramp and step contractions to

sensitive to the different types of recruitment

Spike shape analysis has already been shown

of fatigue (Gabriel et

100%

to

while step contractions increased spectral characteristics up to

MVC (Bilodeau et al,

was due

from

to

be sensitive

to the detection

2001a).
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Introduction

You

by Steven Lester, BKin.

are being asked to participate in research being conducted

The on-going research program

is

focused on the relationship between skeletal muscle

The

muscle
is measured from the skin surface, similar to electrocardiography (EKG), which measures
the electrical activity of cardiac (heart) muscle. The skeletal muscle electrical signal is
force and the electrical activity that

termed, electromyography

it

generates.

(EMG). The

electrical signal of skeletal

signal will be analyzed with five surface

EMG

spike analysis measures to determine muscle activity, these measures will then be

compared with varying
project

computer, not changes

You
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this

involves a continual search for better signal processing techniques on the
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to the

in the
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Biomechanics Laboratory (WH18). There

approximately two hours.
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you and the

The

You

will be

are requested not to start
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one
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any new

session

physical
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investigator.

Plan and Procedures
Steven Lester, Bkin. and/or his surrogate will conduct
procedures will take place during the

test session.

The

all

testing.

start

The following

of the experiment will
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include the completion of 4 psychological questionnaires.

Anxiety Inventory (STAI)

this test is the definitive

The

first is

the State-Trait

instrument for measuring anxiety in

The STAI clearly differentiates between the temporary condition of "state
more general and long-standing quality of "trait anxiety." The essential
qualities evaluated by the STAIS-Anxiety scale are feelings of apprehension, tension,
nervousness, and worry. The second questionnaire is the Social Physique Anxiety Scale
(SPAS), a 12-item self-report measure developed by Hart, Leary and Rejeski (1989).
This measures one's degree of social physique anxiety, which has been defined as the
degree of anxiety one experiences when presenting one's body to others. The brief
adults.

anxiety" and the

version of the Fear of Negative Evaluation Scale

degree of apprehension
questionnaire

is

the

different feelings

people feels

PANAS,

is

the

measure used

about being evaluated

this scale consists

and emotions a person

to

determine the

The

negatively.

last

of a number of words that describes

feels at a given

moment

in

time or in a certain

The four psychological questionnaires will be administered before the EMG
The questionnaires will be used to assess the level of anxiety, stress and
mood of the subject before the evaluation of force and EMG. As these factors may affect
the force output and EMG data. The right arm will be prepared for exercise testing.
situation.

data

is

collected.

Small areas of the biceps and the collarbone will be shaved, lightly abraded and cleansed
with alcohol. These areas correspond to the location of the electrodes that will be taped
to the skin surface.

similar to the

more

The

electrodes will measure the electrical activity of

arm muscles;

familiar electrocardiogram that measures the electrical activity of the

cardiac (heart) muscles.

You

(same length) contractions, which will
determine the peak maximal contraction, which will be used to determine the percentages
of maximal voluntary that will be investigated. The contractions will be 5 seconds in
duration at 30-second intervals. Strength measurements will be taken while seated at a
table designed to isolate the action of the elbow muscles. Adjustable supports on the
table and straps on the chair will ensure stability and minimize extraneous movements. A
will

perform three maximal

wrist cuff will be attached just
the subject's side.

effort isometric

below the

wrist.

The arm not being

tested rested close to

important not to hold your breath while strength testing.

It is

Risks and Discomforts
possible risks or discomforts that volunteer participants

It is

not possible to predict

may

experience in any research study.

all

Based upon previous experience,

the present

investigator anticipates no major risks or discomforts will occur in the present project.

1.

sometimes experience mild discomfort when the skin is gently cleaned
and rubbed with a mild abrasive in preparation for electrode placement. On occasion,
Participants

some

subjects

may

electrodes. This

2.

There

may

is

experience skin irritation associated with the placement of the

usually very mild and goes

be discomfort related

to the

away

in a

few hours, or a day.

delayed onset of muscle soreness associated

with isometric contractions of the arm muscles.

If

muscle soreness does occur,

it

is

usually very mild and should dissipate within 72 hours.
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3.

Maximal

effort isometric contractions are associated with

You must make

pressure.

exertions. If

sure that you do

an increase

in

blood

NOT hold your breath during maximal

you have received medical clearance and/or are already physically

active, the risks are minimal.

Voluntary Participation
study is voluntary. Refusal to participate will not result in
loss of access to any services or programs at Brock University to which you are
entitled. You will inform the investigator, Steven Lester, Bkin. of your intention to
withdrawal prior to removing yourself from this study.
Participation

in this

Discontinuation of Participation
Participation

in

The

circumstances.

involvement

research

this

study

any time

comply with study requirements, or
changes

if

important to

that

you are

discontinued

the study

is

be

in

under

may

Bkin.,

Lester,

if it is felt to

in the nature of the study or in the

remember

be

Steven

investigator,

in the study at

may

your best

stopped.

You

following

your
you not
be informed of any
discontinue

interest, if I

will

procedures described

free to terminate

the

if

they occur.

your participation

at

It

is

any time, for

any reason.
Potential Benefits
in this study.

However,

that their willingness to serve as a subject for this

experiment

Participants will receive no direct benefits
participants should
will help a

know

from participating

Brock University researcher and other

scientists

develop new theories of

exercise that will benefit individuals in the future.

Costs and Compensation
The

cost of the test and procedures are
compensation for your participation in

free.

You

will not receive

any form of

this study.

Confidentiality

Although data from this
concerning all participants
reference to you.

Any

study

will

be

published,

will be maintained.

confidentiality

of

information

All data will be coded without personal

personal information related to you will be kept in a locked office,

which only the investigator has access. Four investigators will have access to the data,
however, names of participants or material identifying participants will not be released
without written permission except as such release is required by law.
to

Persons to Contact with Questions
The

investigator will be available to answer any questions concerning this research,

or in the future.

You may

during office hours

at

now

contact the investigator, Steven Lester, Bkin., by telephone

(905) 688-5550 extension 4902, or by email at
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smlester@hotmail.com Also, if questions arise about your rights as a research subject,
you may contact the Office of Research Services at (905) 688-5550 extension 3035. If
you wish to speak with someone not involved in the study, please call the Chair of the
Department of Physical Education and Kinesiology at (905) 688-5550 ext. 4361.

Consent
Certify

to Participate

that

you have read

all

the

above,

asked questions and received answers

concerning areas you did not understand, and have received satisfactory answers to these
Furthermore, you have completed the PAR-Q questionnaire indicating
you are physically able to participate. You willingly give consent for participation in
study. (A copy of the consent form will be given to you).

questions.

Name

this

of Participant (Please Print):

Date (day/month/year)

Signature of Participant

In addition to the considerations described in this
to

that

conduct

all

document, the investigator

fully intends

procedures with the subject's best interest uppermost in mind, to insure the

subject's safety and comfort.

I

have

fully explained the procedures of this study to the

the person signing this

form understands what

is

above volunteer.

involved

in this

I

believe that

study and voluntarily

agrees to participate.

Date (day/month/year)

Steven Lester, Bkin.,
Masters of Science Candidate

Faculty of Applied Health Science
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Ethical Approval

FROM:

Linda Rose-Krasnor, Chair
Research Ethics Board (REB)

TO:

Dr. David Gabriel, Applied Health Science

Steven Lester

FILE:

02-284 Gabriel

DATE:

February

END DATE:

On-going

14,

2005

The Brock University Research Ethics Board has reviewed

the research proposal:

The Relationship Between Force and Electromyographic Spike Activity
The Research Ethics Board
involving

human

finds that your modification request to an

participants

conforms

to the

ongoing project
Brock University guidelines set out for

ethical research.

Heather Becker, Office of Research Ethics
Brock University
Office of Research Services

500 Glenridge Avenue

Canada L2S 3A1
phone: (905)688-5550, ext. 3035
fax: (905)688-0748
email: hbecker@brocku.ca
St.

Catharines, Ontario,

http://www.brocku.ca/researchservices/ethics/humanethics/
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Sample Size Estimation
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Sample Size Estimation
Pre-experimental power and sample size estimation procedures were determined in

accordance with Cohen's (1988) case four formula, which requires the a priori establishment

of:

Cohen

1.

The

2.

The appropriate power value

3.

The mean (x)and

4.

The

intraclass correlation coefficient

5.

The

effect size (ES),

1

(

level of significance (a).

((3).

true score (of) variance of the

which

is

mistaken rejection of the null hypothesis

acceptance.

p)

is

The

4-to-l risk ratio

is

risk

is

criterion measure.

(ICC) of the criterion measure.

deemed important

969) suggested that a reasonable

sample

of Type

I

to

or nontrivial by the investigator.

Type

II

error (pVa)

is

4-to-

1

;

that

is,

considered four times as serious as mistaken

satisfied

by choosing oc=0.05 and P=0.20 where power

(1

-

0.80.

This research

is

an investigation into the surface

brachii during isometric flexion. Therefore,

the surface

sample

EMG spike analysis of the biceps

size estimation

EMG spike parameters reported by Gabriel (2000).

the reliability and error terms necessary to conduct

is

based on the values for

Gabriel (2000) has reported

sample size estimation for the measures of

EMG spike analysis at the elbow.
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Mean

Spike Amplitude

For mean spike amplitude of the biceps brachii during maximal elbow flexion: the

mean was 2.76 mV;
based on

10%

outlined by

of the

the true score variance (standard deviation)

mean

Cohen (1969)

is

was 0.88 mV; and

effect size

0.276 mV. Sample size estimation according to the procedures

requires calculation of a tabled- value (d):

d,=

—a

= 0.313

d = -====== = 0.7825
Vi - icc

Linear interpolation

tables (page 54).

Where

do

is

is

needed

to estimate

sample

size

d=0.70 and the tabled d-value

is

from Cohen's (1988) case four
vo=33, and di

is

d=0.80 and the

tabled d-value V[=26, the following calculation gives 27.225 (28.00 subjects)

N = v +^-^--(d-d

Mean

)

= 21.225

Spike Frequency

For mean spike frequency of the biceps brachii during maximal elbow flexion: the

mean was 59.9 Hz;
size based

the true score variance (standard deviation)

on 10% of the mean

is

5.99 Hz.

Sample

was

13.2 Hz; and effect

size estimation according to the

procedures outlined by Cohen (1969) requires calculation of a tabled-value

(d):
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d,

—a =
FS

=

i

tables (page 54).

Where

do

needed

=1,041

- ice

Vi

is

0.45378

d>

d=

Linear interpolation

1

to estimate

sample size from Cohen's (1988) case four

d=1.00 and the tabled d- value

is

is

vo=17, and d|

is

d=l .20 and the

tabled d- value Vi=12, the following calculation gives 15.975 (16.00 subjects)

N=v

+^—
^ -(d-d
d ~d

Mean

)

= 15.915

o

\

Spike Slope

For mean spike slope of the biceps brachii during maximal elbow flexion: the

mean was 0.52
size based

V/s; the true score variance (standard deviation)

on 10% of the mean

is

was 0.19 V/s; and

0.052 V/s. Sample size estimation according to the

procedures outlined by Cohen (1969) requires calculation of a tabled-value

d4 =

d=

—a
ES

tables (page 54).

Where d

needed

is

is

(d):

= 0.2737

d'
,

= 0.6637

I

Vl -

Linear interpolation

effect

ICC

to estimate

sample size from Cohen's (1988) case four

d=0.60 and the tabled d-value

is

vo=45, and d,

is

d=0.70 and the

tabled d-value vi=33, the following calculation gives 37.346 (38.00 subjects)
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~v

V
N = v +^
\

o
"-

(d

d ~ do

-d = 37.346
)

\

Mean Number

of Peaks Per Spike

For mean number of peaks per spike of the biceps brachii during maximal elbow
flexion: the

0.3

1

mean was

1

.56 peaks per spike; the true score variance (standard deviation)

peaks per spike; and effect size based on

Sample

1

0% of the mean

size estimation according to the procedures outlined

is 0.

1

was

.56 peaks per spike.

by Cohen (1969) requires

calculation of a tabled-value (d):

—a
ES

d+=

d.

d=

.

Vi -

Linear interpolation

tables (page 54).

Where d

is

is

needed

= 0.5032

*

r

= 1.0272

icc

to estimate

sample size from Cohen's (1988) case four

d=1.00 and the tabled d-value

is

vo=17, and di

is

d=1.20 and the

tabled d-value Vi=12, the following calculation gives 16.3198 (17 subjects)

N = v +^±-(d-d
d -d

)

= 27.225

{
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D

Anthropometric Measures and Data Collection Sheet
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Anthropometric Measures

Subject Name:

Number:

Age:
Height:

Weight:

Bicep circumference:

BMI:
Lengths:

LI (from

L2
L3
L4
Girths:

the

acromion process

to deltoid tubercle)

(deltoid tubercle to olecranon process)

(olecranon process to styloid process of ulna)
(styloid process of ulna to tip of third finger)

AC (circumference at acromion process),
DEL (circumference at deltoid tubercle),
ELB (circumference at olecranon process),
WJS (circumference at distal space to styloid

process of ulna (wrist joint

space)

HND (thickness of base of hand, cross-section height thenar eminence and
hypothenar eminence)
Skinfolds:

1

.Scapula (the oblique fold measured just below the bottom

tip

of

scapula)

2.Suprailiac (slightly oblique fold measured just above the hip bone; the
fold

3.

is

lifted to

Abdominal

follow natural diagonal line

(vertical fold

measured

4.Biceps (vertical fold measured

between the

tip

between the

6.Thigh

tip

lin. to the right

at the

of the shoulder and the

5.Triceps (vertical fold measured

(vertical fold

measured

at the

of the umbilicus)

midline of the upper arm halfway
tip

at the

of the shoulder and the

at this point)

of the elbow)

midline of the upper arm halfway

tip

of the elbow)

midline of the thigh, two-thirds the

distance from the midline of the patella to the hip)
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Limb

lengths, girths,

Lengths

and skin

folds.

EMG and Force Data Collection Sheet
DATE:
Subject

Number:

Name:
Weight:

Height:

BMI:

EQUIPMENT SETTING
AMPLIFICATION:

FILTER SETTINGS:

SKIN IMPEDENCE PRE:

SKIN IMPEDENCE POST:

SKIN TEMP PRE:

SKIN TEMP POST:

Calibration:

ISOMETRIC CONTRACTIONS
Percent

MVC

Age:

Appendix E
Spike Shape Measures
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Mean

Spike Amplitude (MSA)

The mean spike amplitude (MSA)
amplitude (SA) depicted

equation

in

1,

by the number of spikes (NS) as seen
a spike, and

how

Mean

calculation determines the single spike

and then sums the

in

equation

2.

SA

of

all

spikes and

Refer to Figure 23, which

is

divided

illustrates

he measures are constructed.

spike amplitude

(MSA)

(g - A) + ( *- C)

Eq.l:SA 1=

2

—
tfNS
NS

Y

Eq.2:MSA=

Mean

Spike Frequency (MSF)

Mean

spike frequency

and dividing the

Mean

total

by the

is

calculated by taking the

duration (TD) of a surface

number of spikes (NS)

EMG recording.

(MSF)

—
TD

Spike Slope (MSS)

To

calculate

the difference

MSS,

between

A

spike slope (SS) must

and

representative x-coordinate

where

(MSF)

total

spike frequency

Eq.3:MSF =

Mean

oa

all

slopes are

Mean

B and

Ax

first

be calculated (equation

Finding

dividing the difference by the difference of the

and Bx calculates SS. SS

summed and

4).

is

then substituted into the

divided by the number of spikes (NS) (equation

MSS

5).

Spike Slope

Eq .4:SS,=

i^^
(Bx-Ax)
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Y—
rr

NS

Eq.5:MSS=

t?NS

Mean Number of Peaks Per Spike (MNPPS)
To

calculate the

MNPPS,

the

number of peaks

(P)

is

divided by the number of

spikes (NS) (equation 6).

Means number of peaks per

Eq.6:

Mean

=

(MNPPS)

—
NS

Spike Duration (MSD)

To
Then

MNPPS

spike

calculate

MSD,

the duration of the spike

the durations of each spike

(Equation

is

is

calculated by subtracting

summed, and divided by

the

number of

C

- A.

spikes (NS)

7).

Mean

spike duration

Eq.7:MSD=

(MSD)

Y^-^l
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Biceps Brachii

Figure 23. Depicts a surface

SEMG

Interference Pattern

EMG (SEMG) signal

representing

how

to calculate the

spike shape measures.
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Appendix F
Traditional Measures
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Frequency Domain

The power

spectral density

periodogram method.
of the

SEMG signal.

A one-second window of data (2048
To implement

overlapping sections of

N=5 12

multiplied with a N-point

Equation

before computing

its

PSD

are the

DFTs

J

j=i

Hamming window. Each

0,

1,

...

of these

PSD

DFT. The DFTs

for

is

PSD

function

The TP was considered only over
in the positive

It

convolved with W[k], the

the index for the frequencies co[k]

all

PSD

was characterized by

(MPF) and median frequency (MF).

o)

i|

j=]

DFT of

function estimates, PSDj[k], were then

N-l. The frequency resolution of

Each

xN

for each of the four segments

averaged over the J=4 sections, where k

=

four successive and

1:

J

the

from the middle

function as represented

psD[k]^2 PSD jW=-rT7Zl w w* x j[ k

where Xj[k]

Welch

Each section was detrended and

points were used.

Hamming window

the

points) taken

Welch periodogram method,

the

four sections were squared and averaged to compute the

all

in

(PSD) function was estimated by

was

first

function estimates

three parameters:

PSD

27tk/N: k

was 4 Hz.

mean frequency

necessary to calculate

that part of the

=

total

power (TP).

function that described the

power

frequencies and was computed by:
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2

TP=2]PSD

( 2)

[k]
j

k=0

The centroid

mean frequency was

or

then be computed by:

JL,

MPF^-^-^CfWPSD^k])
1 *

where k

is

j

(3)

k=0

the index for frequencies f[k]=2048(k/N): k=0, 1....N-1.

The median

frequency was selected to the following equation:

i

MF

0-5==r-£PSD

[k]

(4)

j

k=0

Time Domain

Analysis of the
points)

segment of

segment of data

SEMG amplitude will

SEMG activity,

will be taken

where

Xj is

be conducted on a
a single

using equation

second (N=2048

datum of SEMG

activity.

The

from the middle portion of the 5-second isometric

contraction. In accordance with the procedures outlined

(1985), the root

1

mean square (RMS) amplitude of

the

by Basmajian and De Luca

EMG signal will be calculated

5:
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ms=

til

xf

(5)
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