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ABSTRACT

The measurement and analysis of the human diaphragm electromyogram (EMGdi), as

obtained with an esophageal e:!ectrode, requires objective control of the disturbances and

filtering effects which can influence the signal. One issue of importance is that an increase in

the muscle-to-electrode distance (MEdist) acts as a low-pass filter, filtering out the high

frequency components of the EMG power spectrum (the MEdist filler). Due to the numerous

factors which can influence the EI'v1Gdi, control of signal quality is also of utmost importance.

The aims of this study were: (1) to evaluate the effect of the MEdist fi\ler on EMGdi, as

measured witr" multiple array esophageai electrode, (2) to take advantage of the MEdist filter

in order to locate the position of the diaphragm with respect to the electrodes, and (3) to

evaluate the influence ofchanges in chest wall configuration on EMGdi centerfrequency (CF)

values, white controlling for both signal qualily and the MEdist fi\ler.

Five normal male subjects performed static contractions of the diaphragm at seven pre­

determined chest wall configurations. The EMGdi was measured with an array of eight steel

rings mounted on acatheter, forming seven sequential pairs ofelectrodes, with an interelectrode

distance of 10 mm. EMGdi signal quality was evaluated by computer algorithms. The pair of

electrodes whose EMGdi signais (and power spectrums) were the least influenced by the

MEdist filter was assumed to be closest to the diaphragm.

The resu\ls of the study indicated li) EMGdi pow€'r spectrums and their associated CF

values were strongly affected by the position of the diaphragmwith respeclto the multiple array

esophageal electrode. CF decreased by approximately 1 Hz per mm displacement away from

the diaphragm. (2) By controlling forthe MEdist filter, there was no relationship found between

changes in chest wall configuration and CF values. These data demonstrate that changes in

chest wall configuration, and hence diaphragm length, do not influence the CF values of the

EMGdi. if the distance between the electrodes and the diaphragm and signal quality are

controlled for.
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RESUMÉ

L'enregistrement de l'électromyogramme du diaphragme (EMGdi) humain, avec un

électrode esophagien, demande le controle objectif des perturbances et des filtres qui

puissent influencer le signal. Une affaire d'importance est qu'une augmentation de la distance

entre le muscle et les électrodes (d:stME) est similaire à un filtre de type "Iow-pass", où les

composantes de haute fréquence sont éliminées (filtre distME). En plus, à cause des

nombreuses facteurs qui puissent influencer l'EMGdi, il est de la première importance que la

qualité du signal seit controlée. CE:tte étude a été mise en oeuvre pour: (1) évaluer l'effet du

filtre distME sur l'EMGdi avec un É:le:::trode esophagien composé d'une série d'électrodes, (2)

prendre avantage du filtre distME pour déterminer la position du diaphragme par rapport aux

électrodes, et (3) évaluer l'effet de la configuration de la cage thoracique sur la fréquence

moyenne (FM) du spectre de fréquence de l'EMGdi, en controllant la qualité du signal et le filtre

distME.

Cinq sujets masculins ont réalisé des contractions volontaires du diaphragme non­

fatiguantes, dans sept différentes configurations de la cage thoracique. L'EMGdi a été

enregistré grâce à un dispositif esophagien composée d'une séquence de sept paires

d'électrodes annulaires, chaque électrode étant séparée d'une distance de 10 mm. La FM et

le spectre de fréquence ont été calculés pour chaque paire d'électrodes. La qualité des

signaux a été évalué avec des logiciels qui éliminent le$ segments d'EMG parasités. La paire

d'électrodes qui était la moins influencée par le filtre distME a été nommée "la paire optimale",

et a été présumée être la pai~e d'électrodes la plus proche du diaphragme.

Les résultats de cette étude indiquent: (1) les spectres de fréquence de l'EMGdi et les

FM associées, sont extrèmement influencés par la position du diaphragme par rapport aux

électrodes. FM diminua par 1 Hz par mm de déplacement des électrodes du diaphragme. (2)

En controllant le filtre distME, les FM obtenues étaient comparables entre-elles.

Ces résultats indiquent que les changements de la configuration de la cage thoracique,

et donc les changements de la longueur du diaphragme, n'influencent pas les valeurs de FM

de l'EMGdi.
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CHAPTER 1

INTRODUCTION

The electromyogram of the diaphragm (EMGdi) - the electrical activity manifested

during diaphragmatic contractions - can be recorded via an esophageal electrode placed at

the lever of the gastro-esophageal junction. Development of diaphragmatic fatigue has been

associated with a shift of the EMGdi power spectrum to lower frequencies, as observed

experimentéllly in normal subjects (Bellemare & Grassino, 1982; Gross et al, 1979), and in

patients with respiratory disorders (Bellemare & Grassino, 1983; Brochard et al, 1989; Muller

et al, 1979). Due to a lack ofstandards in recording techniques (and the cumbersome analysis

which is involved), EMGdi has r,ot gained widespread use in the c1inical setling. The work

presented in this thesis is one step towards the development of an automatized method to

accurately detect diaphragmatic fatigue. Due to the limited number of publications which

specifically evaluate the methodological issues presented in this thesis, reference to parallel

studies performed in our laboratory (although not yet peer reviewed) are included where

appropriate.

ln order for the EMGdi power spectrum to accurately reflect the development of

diaphragmatic fatigue, ail factors which influence it, physical as weil as physiological, must be

identified and controlled for. Previous reports have suggested that lung volume and chestwall

configuration influence the EMGdi signal (Gandevia & McKenzie, 1986). The authors stated

that esophageal recordings of EMGdi are unreliable as a method to evaluate diaphragmatic

fatigue due to an "artifact" created by lung volume and chest wall configuration. The possibility

that their results were due ta changes in .nuscle-to-electrode distance cannat be excluded.

Signal theory predicts that an increase in distance between the muscle and the

electrodes will filter the EMG signal in such a way that the high frequency components are

filtered out, in a similar fashion ta that of a low pass filter (Lindstrëm, 1970). Increasing the

muscle-to-electrode distance will therefore affect the power spectrum and its associated

measurements. Hence, control of the muscle-to-electrode distance is crucial in the analysis

1
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and interpretation of the EMGdi power spectrum.

The objectives of this study were 1) to take advantage of the muscle-to-electrode

distance filter in order to locate the position of the diaphragm with respect to a multiple array

esophageal electrode, and 2) to evaluate the effects of chest wall configuration on the EMGdi

power spectrum, while controlling for the muscle-to-electrode distance. An important aspect

of this study is the additional control for signal quality throughout the analysis.

A literature review relevant to this study is presented in chapters 2, 3 and 4. Chapter

2 is a brief review of the anatomy and physiology of skeletal muscle. Where appropriate,

reference to the diaphragm is included. Chapter 3 is a description of the electromyogram in

both the time and frequency domain, introduces concepts used in spectral analysis, and

provides a review of the numerous physical and physiological factors which can influence the

signal. Chapter 4 provides the background which is relevant to the methodology used in this

study, and includes a brief description of the functional anatomy of the diaphragm, a

description of the methods used to evaluate the chest wall and to record EMGdi, and the

specifie factors which have been suggested ta influence esophageal recordings of EMGdi.

Chapter 5 is a presentation of the work completed for this thesis in a manuscript format,

entitled "Effects ofelectrode positioning and chest wall configuration on the human diaphragm

EMG". It includes sections for an introduction, methodology, results and a discussion.

Chapter 6 summarizes the conclusions from this study, and proposes some ideas for

future work in the field of diaphragm electromyography, for the purpose of evaluating

diaphragmatic fatigue.

2
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CHAPTER 2

ANATOMY AND PHYSIOLOGY OF SKELETAL MUSCLE

Three different types ofmuscles can be characterized on the basis oftheir structural and

contractile properties, namely skeletal muscle, smooth muscle, and cardiac muscle. As the

diaphragm is morphologically and functionally a skeletal muscle, the following discussion will

be devoted to this type of muscle; special reference to the diaphragm will be included where

appropriate. This chapter includes a review of the anatomy and physiology of skeletal muscle

which is relevant to the work presented in this thesis.

2.1. ANATOMY OF SKELETAL MUSCLE

2.1.1. Gross anatomy of skeletal muscle

Skeletal muscle is composed of individual muscle cells, or muscle fibers (Figure 2.1.A­

Cl, which contract by converting chemical energy into mechanical energy. Each fiber is in turn

made up of successively smaller sub-units, also iIIustrated in Figure 2.1., and are described

in subs"'quent sections (Section 2.1.2.(i) through (iiil).

Bundles of muscle fibers are bound together in parallel by sheets of fascia to form the

muscle (Fawcett, 1986). The fascia surrounding the entire muscle is the epimysium; the fascia

which penetrates into the muscle and separates it into bundles, orfasciculi, is the perimysium;

the endomysium is a thin extension offascia which surrounds each individual muscle fiber. The

different fascias join together at the ends of the muscle where they form tendons, attaching the

muscle to bone. Blood vessels and nerves penetrate through these fascial sheaths in order

to supply the individual muscle fibers. The capillary beds are located exclusively between the

muscle fibers, and are the site for the exchange of energy substrates between the systemic

blood supply and the muscle fibers (Enad et al, 1989).

Each muscle fiber is innervated by a branch of a motorneuron (Sherington, 1925). The

motor neuron endings are concentrated in regions known as innervation zones (Goodgold &

3
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Figure 2.1. Diagram of the organization of skeletal muscle from the gross to the

molecular level (From Fawcett, 1986)
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Eberstein, 1983). Innervation zones were originally reported to lie near the central portion of

the muscle (Coërs & Woolf, 1959), however, recent evidence suggests that the innervation

zones can be scattered throughout the muscle (Masuda et al, 1983; Roy et al, 1986). It has

been demonstrated with histochemical staining that the innervation zones in the rat diaphragm

are organized in a single band, normal to the fiber orientation, along the whole surface of the

muscle (Gordon et al, 1989). In contrast, severa 1 bands of innervation zones are present in

the diaphragm of larger animais (Gordon et al, 1989). In humans, anatomical descriptions of

the crural (and/or costal) diaphragm's innervation exist in the Iiterature, but are Iimited to the

point of insertion of the respective phrenic branches into the muscle. et al (1969) described

a profuse and clear-cut innervation of the crural diaphragm which bounded the esophagus

anterolaterally, more so on the left side than the right.

2.1.2. Anatomy of the muscle fiber

Muscle fibers are multinucleated cells, which have a diameter of 10-200 /lm (depending

on the species and the particular muscle examined), and a length of up to several cm (Fawcett,

1986). In humans, muscle fiber diameters range from 40 to 80 /lm, as measured in 50 muscle

sites in six normal male autopsy subjects (Pclgaret al, 1973). In the human diaphragm, muscle

fiber size was reported to be in the range of 55-60 J.lm in the costal portion, and 45-51 J.lm in

the crural portion (Sanchez et al, 1985). In the canine diaphragm, muscle fiber diameters can

range from 34 to 53/lm (Reid et al, 1987). As later described (see Chapter 3, Section 3.2.),

fiber diameter plays an important role in muscle fiber action potential conduction velocity

(Hakansson, 1957a,b).

(i) The sarcolemma:

The muscle fiber is bounded by a cell membrane, the sarcolemma, which is an excitable

membrane similar to the nerve cell membrane, and is responsible for the selective permeability

characteristics of the cell surface. The sarcolemma consists of an outermost basement

membrane (basal lamina), and a Iipid bilayer plasma membrane (Carpenter & Karpati, 1984).

5
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The function of the basal lamina, composed mainly of collagen, is to provide external

mechanical support forthe fiber and tofacilitate muscle fiber regeneration (Vracko, 1974). The

main function of the plasma membrane, containing both sodium and potassium ion channels,

is to conductthe wave ofdepolarizationwhich initiates muscle contraction (Kirchberger, 1990).

(ii) Myofibrils, the transverse tubules, and the sarcoplasmic reticulum:

Muscle fibers can be further subdivided into a bundle of myofibrils, which are typically

1-21J.m in diameter (Fawcett, 1986) and extend the length of the muscle fiber (Figure 2.1.D).

Myofibrils do not possess membranes but are separated by a surrounding network of tubes and

sacs, which has two parts, the transverse tubules (T-tubules) and the sarcoplasmicreticulum

(SR) (Figure 2.2.).

The T-tubules are tubular invaginations of the sarcolemma containing extracellularfluid

(Peachey & Adrian, 1973), and are therefore a part of the fiber surface membrane. They serve

to conduct the muscle fiber action potential (travelling along the membrane) into the interior

of the muscle fiber. The myofibrils at the centre of the muscle fiber and those near the

sarcolemma are thus activated almost simultaneously.

The SR is an intracellularmembranous networkof longitudinal tubules and sacs that run

parallel to the myofibrils and terminate in chambers, or terminal cisternae, that abut the

transverse tubule. The SR contains intracellular f1uid, with a high concentration of calcium.

The functions of the SR include the release of calcium during muscle contraction, and the re­

uptake and storage of calcium during relaxation (Martonosi, 1982).

The three-component structure formed by the two terminal cisternae of the SR with the

T-tubule is known as a triad. The triad is the site atwhich the electrical signal propagated along

the T-tubule is converted into a signal for the release ofcalcium from the SR (Cullen & Landon,

1988). For further details on the function of ihe T-tubules and the SR, see Section 2.3.4.

(iii) Myofilaments and the sarcomere

Under the microscope, myofibrils can be seen to be composed of two types of

6
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"'Igure 2.2. A single mamma!ian skeletal muscle fiber surrounded by its sarcolemma has been
cut away to show individual myofibrils (1). The sarcoplasmic reticulum (2) with its terminal
cistemae (3) surrounds each myofibril. The T-tubules (4) are also presented. A basal lamina
(5) surrounds the sarcolemma. (From Ganong, 1991)
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Figure 2.3. Left: A schematic representation of the changing appearance of the crossw

striations in different phases in contraction. Right: The differing degrees ofinterdigitating thick
and thin filaments corresponding to the different patterns of striations. (From Fawcett, 1986).
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myofilaments (Figure 2.1.E), the thick and thin filaments (Fawcett, 1986). The thick filaments

(10.7 nm in diameter) are mainly composee of bundles of myosin molecules (Figure 2.1.L).

Each myosin molecule has a head region and a tail region (Figure 2.1.N). The thin filaments

are chains of aclin molecules existing in two forms: G-actin (Figure 2.1.J), and F-actin (Figure

2.1.K), a fibrous protein which is a polymerof G-actin. Actin molecules are associated with two

other proteins, troponin, composed of three subunits, T, C, and l, and tropomyosin. Each

troponin complex is bound to a tropomyosin molecule. While only actin and myosin are

involved in tension generation, the troponin-tropomyosin complex are known to regulate the

actin-myosin interaction, and hence are referred to as regulatory proteins (Kirchberger, 1990).

Myofibrilsare composed ofalternating transverse light (1 band) and dark bands (Aband)

which are responsible for the striated appearance of skeletal muscle (Figure 2.1.0). The A

bands (1.5-1.6 J.l.m long) are formed by the Iining up of the thick filaments (myosin), whereas

the less dense 1 band is formed by an array of the thin filaments (actin, troponin, and

tropomyosin) which do not overlap the thick filaments. The length of the 1band is variable and

depends on the state of contraction of the fiber. Crossing down the middle of each 1band is

a dense, fibrous Z-Iine, which contains the protein alpha-actinin (Masaki et al, 1967). The Z­

Iines divide the myofibrils into repeating segments, or sarcomeres. In the centre of the

sarcomere is the H zone which is the region where, when the muscle is relaxed, the thin

filaments do not overlap the thick filaments. A narrow dark band can be seen in the centre of

the Hzone; this is known as the M line (Knappeis & Carlsen, 1968), and is produced by linkages

between adjacent thick filaments. The resting length of a sarcomere is in the range of 2.3-2.6

J.l.m in many vertebrate skeletal muscles (Huxley, 1985). Sarcomeres are arranged in series

to make up the length of the myofibril. In the costal part of the hamster diaphragm,

approximately 5000 sarcomeres are needed to span the distance from the origin at the central

tendon to the insertion on the costal margin (Farkas & Roussos, 1982; Kelsen et al, 1983).

A cross section through a myofibril in the region of the A band, where both thick and thin

filaments overlap, shows a regular arrangement (Huxley & Brown, 1967). Each thick filament

is surrounded by a hexagonal array of six thin filaments, and each thin filament is surrounded
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by a triangular arrangement of three thick filaments (Figure 2.1. F-I).

2.1.3. Muscle fiber types

It is nowgenerally accepted that muscle fibers can be divided into differenttypes, based

on their mechanical, morphological, and biochemiC?! properties (Kandell & Schwartz, 1985).

Important differentiating characteristics include enzymatic properties demonstrated by

histochemical studies (Henneman & Oison, 1965), the velocity and force of contraction (and

relaxation) (Peter et al, 1972), and the degree of fatigability (Burke et al, 1973; Edstrom &

Kukelberg, 1968). Table 2.1. gives a summary of the fiber type classification systems, as weil

as the characteristics of the differenttypes of fibers.

Muscle fibers can be divided into Iwo types, slow (Type 1) and fast (Type Il). Slow (red)

muscle fibers contract and relax slower than fast fibers, and generate low levels of force. Slow

muscle fibers have a red appearance due to their high myoglobin content. According to Kimura

(1983) and Guyton (1991 ), they are generallysmaller in diameter than the fast fibers. However,

in the canine diaphragm, the fiber diameters of the slow and fast fibers are not significanlly

different (Reid et al, 1987). In fact, there seems to be controversy in the Iiterature conceming

the size of muscle fibers in relation to theirfiber type (Polgar et al, 1973; Sanchez et al, 1985).

Slow fibers are highly vascularized, contain a lot of mitochondria, and utilize oxidative

metabolism. They are therefore quite resistant to fatigue and are specialized for low tension,

endurance-type contractions. Fast (white) muscle fibers, on the other hand, contract and relax

rapidly following stimulation, and are capable of generating a large amount of force. These

fibers are large in diameter (Guyton, 1986), are pooriy vascularized, and rely on glycolysis for

their energetic requirements. Hence, fast fibers are rapidly fatigable. The fast fatigable fibers

(FF) are often referred to as Type liB. A fast, fatigue-resistant fiber (FR), has also been

described which depends on both oxidative and glycolytic metabolisms, and is often referred

to as Type liA.

ln general, the velocity of contraction of a muscle fiber is dependent on the particular

species of the contractile proteins (eg. type of myosin isoforms) (pette & Vrbova, 1985). The
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relaxation rate of the muscle fibers depends on the rate of calcium re-uptake by the SR

• following contraction. Fast muscle fibers have a more extensive SR than the slow ones

(Eisenberg & Kuda, 1976), and therefore the relaxation times are shorter. The fatigability of

a muscle fiber is dependent on its metabolic properties as weil as the extent of its blood supply

(Burke et al, 1973; Edstrom & Kukelberg, 1968).

The human diaphragm has a very heterogeneous fiber population, compost:!d of

approximately 55% S fibers, 21% FR fibers, and 24% FF fibers (Lieberman et al, 1973), as

obtained from the costo-ventral portion of the diaphragm in vivo during surgery. The

proportions of muscle fiber types in the diaphragm vary between the different mammalian

species (Reid et al, 1987).

2.1.4. The motor unit

•

•

Skeletal muscle fibers are innervated by ex-motor neurons originating in the anterior

hom of the spinal cord. The axons of the ex-motor neuron extend peripherally to the muscles,

and the terminal branches reach the muscle fiber in a localized region known as the end-plate

region. In 1925, Sherington coined the term "motorunit" to describe the smallestfunctional unit

that can be controlled by the nervous system, and defined the motorunitas being a single motor

neuron and the muscle fibers it innervates.

The actual number of muscle fibers innervated by a single motor neuron varies

according to the function served by the muscle (Basmajian, 1973). Motor units that control fine

movements (for example those of the eye muscles), consist of only a few muscle fibers, and

are considered small motor units. In contrast, there are a few thousand fibers in the (large)

motor units of postural muscles (for example the back muscles). The muscle fibers belonging

to one motor unit are not localized to any one specifie region of the muscle, but are rather

intermingled throughout the muscle (van Harreveld, 1947; Norris & Irwin, 1961), as observed

with staining procedures. The scattering of muscle fibers belonging to a given motor unit has

been confirmed using single fiber electromyography (Ekstedt, 1964).

The muscle fibers within a given motor unit have the same histochemical and
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mechanical properties (Edstrom & Kukelberg, 1968; Pette &Vroba, 1985; Salmons &Sreter,

• 1976). Furthermore, it is hypothesized !hat these properties are regulated by the activity

pattern imposed on the motor unit by the motor neuron. As a result of the above, motor units

are characterized, orclassified, by the same criteria as muscle fibers. In 1974, Burke et al made

detailed histochemical and mechanical studies of the motor units of the cat hindlimb muscle.

On the basis of twitch contraction time, twitch relaxation time, and a fatigue index (ratio of the

final to initial force afterthree minutes of intermittent tetanicstimulation), most motorunits could

be separated into the three groups: FF (fast-twitch, fatigable), FR (fast-twitch, fatigue­

resistant), and S (slow-twitch, fatigue-resistant). An unclassified motor unit type, designated

Type 171, with a fast twitch and an intermediate fatigue resistance, has since proven to appear

consistentiy in cat hind-Iimb muscles (Clamann, 1993). The fatigabilityofa motor unit has been

shown to be correlated with the metabolic properties of the muscle fibers which make it up

(Burke et al, 1973; Edstrom & Kukelberg, 1968). Il should be noted, however, that muscle fiber

typing distinctions appear to be more clearly apparent in animais than in human muscles, and

• therefore, motor unit classification in humans is more complex (Basmajian & De Luca, 1985).

2.2. PHYSIOLOGY OF SKELETAL MUSCLE

•

2.2.1. Sliding filament lT>c,del of muscle contraction

Huxley & Hanson (1954) and Huxley & Nierdergerke (1954) examined single muscle

fibers at the microscopie level during their relaxed state, during contraction, and during a

stretched state, and observed that as the fiber became shorter, the thick and thin filaments slid

past each other, but their individuallengths did not change (Figure 2.3.). This explains why

the width of the A band remains constant during a contraction, corresponding to the constant

length of the thick filaments. In contrast, these same authors observed that the widths of both

the 1band and the H zone decreased during shortening, as the thin filaments moved past the

thick filaments. These observations of the changes in banding pattern during a contraction led

to the sliding filament theory of contraction which states that muscle shortening results from

11



the relative movement of the thick and thin filaments past each other.

• 2.2.2. Crossbridge theory of contraction

The sliding filament model, although accepted as a valid one, does not reveal how

tension is developed and how the sarcomere shortens. A possible explanation for this was

provided by Huxley in 1957, who observed "crossbridges" projecting from the surface of the

myosin molecules towards the actin filaments. It is now known that each crossbridge consists

of the globular heads of the myosin (S, subfragment) and an a-helical tail (S2 subfragment) by

which the crossbridges attach to the thick filament (Elliot & Offer, 1978). It was subsequently

proposed that these crossbridges could provide the necessary physicallink between the two

sets of filaments and that the sliding force was produced by a change in the conformation of

the crossbridges while they were attached to the actin filament. It is now generally believed

that the crossbridges go through a cyclic interaction with actin in which they first attach to actin,

then swing on actin, Célusing the interacting filaments to slide, and then detach, ready for

• another attachment cycle further along the actin filament (Huxley & Simmons, 1971). These

events are collectively known as crossbridge cycling, the rate of which is dependent on such

factors as temperature and type of myosin isoform (Close, 1972). Subsequent experiments

over the last three decades, by a variety of techniques, have confirmed the validity of the

crossbridge theory of contraction (Huxley, 1985).

•

2.2.3. Excitation-contraction coupling

Tradiiionally, excitation-contraction coupling was originally defined as the process

Iinking electrical excitation (depolarization) of the muscle membrane to contraction. More

recently, the term has been used to describe coupling between depolarization of the T-tubule

membrane and calcium release from the SR (Rios & Pizarro, 1991). A detailed description of

the steps involved in the excitation-contraction process can be found below (steps 2.3.4.-

2.3.6.).

12



•

•

•

2.3. EVENTS OCCURRING DURING A MUSCLE CONTRACTION

The initiation and execution of muscle contraction occurs in the following sequential

steps:

2.3.1. When the motor nerve is stimulated, an action potentialtravels along the nerve to the

nerve terminalwhere thetransmitter, Acetylcholine (Ach), is released as equalized multimolecular

"packets", or quanta (Katz, 1966). At rest, these packets are Iiberated at a frequency of

approximately one per second. These spontaneously released packets Ach act on a local area

of the muscle fiber membrane, the end plate region, and initiate minute transient non­

propagated depolarizing potentials, the so-called miniature end-plate potentials (Fatt & Katz,

1952). When an action potential in the motor nerve arrives at the nerve endings, they are

almost instantaneously depolarized and a large number of Ach packets are immediately

liberated into the synaptic clef!. The number of packets which are Iiberated by a single nerve

action potential has been estimated to be about one hundred (Del Castillo & Katz, 1954).

2.3.2. Ach acts post-synaptically on the end-plate region of the muscle to open multiple Ach­

gated protein channels (or Ach receptors) located in the muscle fiber membrane. Opening of

Ach-gated channels in the membrane increases the permeability of the motor end plate to

sodium and potassium ions, producing a local depolarization, the end-plate potential (EPP).

2.3.3. If the EPP depolarizes the muscle membrane to its threshold potential, an action

potential will be initiated which will propagate along the length of the muscle cell membrane,

in the same way that action potentials travel along nerve membranes (see Chapter 3, Section

3.2.4.). Ach is meanwhile hydrolyzed into choline by the enzyme acetylcholinesterase.

Choline is taken up b~ ne nerve terminais and used to re-synthesize Ach via the enzyme

acetyltransferase (Slater & Harris, 1988).

There are three important differences between EPPs and muscle fiber action potentials

triggered by the EPP (Wray, 1988). The EPP can only be recorded in the region of the end­

plate since its amplitude dissipates passively within a few mm from the postsynapiic region

(Fatt & Katz, 1951). This is unlike the muscle action potential which is propagated with a

constant amplitude along the entire fiber membrane. Secondly, the EPP is a graded potential,
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whose amplitude depends on the amount of Ach released from the nerve terminal; the action

potential, on the other hand, is an all-or-nothing regenerative response. Thirdly, channels are

opened chemically at the end-plate (Anderson & Stevens, 1973) whereas the channels

producing the muscle action potential are opened by electrical changes in the membrane

(Hodgkin & Huxley, 1952).

2.3.4. The muscle fiber action potential depolarizes the T-tubules and travels deeply within

the muscle fiber. This is not a simple spread of electrical activity from the surface action

potential, but rather an inward transmission via the same process which occurs during

propagation oftheaction potential along the membrane (Constantin, 1970). This depolarization

causes the release of calcium ions from the lateral sacs of the sarcoplasmic reticulum. The

mechanism ofthis communication between the T-tubules and the SR is still unknown (Rios &

Pizarro, 1991), but some of the answers that have been proposed include: a) the electrical

transmission through an ionic pathway between the T-tubule lumen and the SR (via Ryanodine

sensitive receptors) (Mathias et al, 1981), b) calcium-induced calcium release (Frank, 1958),

c) a mechanical mechanism (Chandler et al, 1976), and d) the release of inosotol tri-phosphate

(IPa) as a second messenger at the T-tubule-SR junction (Vergara et al, 1985; Volpe et al,

1985). Following release from the SR, calcium diffuses to the thick and thin filaments.

2.3.5. When the concentration of free calcium ions in the vicinity of the contractile elements

reaches 10-6 M (resting concentration is 10-8 M), calcium binds to troponin C on the thin

filaments, causing tropomyosin to move away from its blocking position, and uncovers the

crossbridge binding sites on actin (Weber & Herz, 1963).

2.3.6. Before contraction begins, the heads of the myosin crossbridges bind to ATP. The ATp·

ase activity of myosin cleaves the ATP, leaving ADP and Pi bound to the myosin head. This

generates an "energized" myosin rnolecule. The myosin head then binds to actin (and releases

Pi), and then moves the actin filament relative to the fixed myosin (and releases ADP). The

product of this step, is the so-called rigor complex. in which the actin-myosin linkage is

inflexible.

2.3.7. ATP then re-binds to the myosin bridge, breaking the actin-myosin bond and allowing
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the crossbridge to dissociate from actin. Cycles of crossbridge interaction continue as long as

the concentration of calcium remains high enough to inhibit the action of the troponin­

tropomyosin system.

2.3.8. As acetylcholinesterase breaks down Ach in the neuromuscular junction, Ach

concentrations drop and less Ach binds to the receptors in the end plate region of the muscle

fiber. When the receptor sites no longer contain bound Ach, the ion channels in the end plate

close and the depolarized end plate returns to its resting potential.

2.3.9. Calcium concentration levels fall as the ions are actively transported back into the lateral

sacs of the SR. This is an energy requiring step which requires ATP. (Hence, both contraction

and relaxation are ATP requiring events). Removal of calcium ions restores the inhibitory

action of the troponin-tropomyosin system, and in the presence of ATP, actin and myosin

remain in the inactive dissociated state.

2.4. THE GRADATION OF MUSCLE FORCE

An increase in muscle force can be accomplished either by changing the number of

active motor units (recruitment), and/or by increasing the discharge frequency of those motor

units already firing (rate coding) (Freund, 1983).

Motor units are hypothesized to be recruited according to Henneman's "size principle"

(Henneman, 1" 7), which describes that motor units are recruited in an orderly fashion

according to the size of the motor neurons. The cause of this size principle is that the small

motor units are driven by small motor neurons, which are more excitable than the larger ones,

and are therefore excited first. Large motor units are innervated by large motor neurons and

become activated at progressively higher levels of contraction (Kandel & Schwartz, 1985).

The size principle predicts that the recruitment order of motor units correlates with the

maximum tension generated by these motor units (Henneman, 1957). The tension generated

by a motor unit depends on: the number of muscle fibers innervated by a motor neuron, the

cross-sectional area of the fiberswithin the motorunit, and the specifie tension (force percross­

sectional area) of the fibers within the unit. Hence, recruitment of small motor units (small
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number of fibers with small diameters) will resuit in low ievels oi tension. The larger type FF

and FR motor units generate .1igher levels of force, and are thus progressively recruited as the

demand for muscle force increases. The size principie also ensures that motor units are

usually recruited in order of increasing fatigability, with type S, type FR, and the type FF units

being added sequentially, to optimize the total work output during prolonged or repetitive

contractions.

Some authors agree, however, that modifications of the order of recruitment are

possible (Wyman etal, 1974). Sypert & Munson (1981 )proposed that, although several factors

can influence the order of motor unit recruitment, the essential determinant is motor unit type.

ln muscles in which a range of movements is possible, the order of recruitment may depend

on the task (Denier van der Gon et al, 1982), as a consequence of the differing descending

inputs to the motor neurons for each task.

ln the cat diaphragm, motor units have been shown to be recruited according to

Henneman's size principle during normal breathing (Dick et al, 1987). On the other hand, Sieck

(1991) proposed that, regardless of whether recruitment of diaphragm motor units follows the

size principle, the recruitment order is dependent on motor unit type. It was hypothesized that

the number of motor units recruited during any specifie behavior of the diaphragm depends on

the forces required by that behavior, the duration of the force output, and the contractile

properties of each motor unit type (Sieck & Fournier, 1989).

ln comparison to voluntary activation of muscle, during direct (submaximal) electrical

stimulation ofa muscle (orthe nerve), the order of recruitment is observed to be reversed, and

is dependent on the voltage and the frequency of the stimulation (Clamann et al, 1974; Merletti

et al, 1992; Stephens et al, 1978). Large motor units are generally recruited first during

electrical stimulation, whereas small motor units are generally recruited first during voluntary

"stimulation". Perhaps this is because motor unit activity is synchronous with electrical

stimulation, in contrast to being asynchronous during voluntary activation (Merletti et al, 1992).

The force output ofa muscle can also be graded by increasing the firing rate of the motor

neurons (see force-frequency relationship, Section 2.5.2.). Essentially, if a motor unit is
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Figure 2.5. Length-tension relationship for the human triceps muscle. The passive ten·
sion curve measures the tension exerted by this skeletal muscle at each length when it is
not stimulated. The total tension curve represents the tension developed when the muscle
contracts isometrically in response to a stimulus. The active tension is the difference
between the two. (From Ganong, 1991)
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stimulated with a brief electrical pulse, the unit responds with a twitch of a given tension, and

• as the frequency of stimulation increases, the tension developed by the muscle fibers within

the motor unit increases in a sigmoid fashion (Figure 2.4.).

Recruitment has been reported to be the dominant strategy to increase muscle force for

low levels of contraction, whereas at intermediate and high force levels, the increase in firing

rate becomes the dominant mechanism (Milner-Brown & Stein, 1975). However, the relative

contributions of rate coding and motor unit recruitment in the gradation of muscle force

probably depend on the muscle and its function. For example, the biceps and deltoid muscles

are known to recruit motor units throughout the complete force range while the firing rate of the

active units is continuously increasing (Basmajian & De Luca, 1985; De Luca et al, 1982;

Kukulka & Clamann, 1981). The first dorsal interosseous muscle, on the other hand, is known

to recruit ail of its motor units by the time 50% of maximal tension is generated, although the

motor unit discharge rate continues to increase until1 00% of the force is developed (De Luca

et al, 1982).

• 2.5. SKELETAL MUSCLE MECHANICS

•

2.5.1. Single muscle twitches

The mechanical response of a muscle to a single action potential in a muscle cell is

known as a muscle twitch. Following excitation of the muscle, there is an interval of a few

milliseconds (the latent period), before the tension begins to increase. During this period, the

processes associated with excitation-contraction coupling occur. Following the latent period,

an increase in tension occurs (contraction period) which then decays more slowly (the

relaxation period). The precise velocity of contraction varies greatly between species, and

between muscle within a given species. Muscles composed primarily of slow muscle fibers

develop and dissipate tension slowly, ie. long contraction and relaxation periods, whereas the

converse is true for muscles composed mainly of fast fibers. The lime course of the muscle

twitch also depends on a number of other factors including whether the stimulus was provided
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under isometric (same length) or isotonie (sameforce) conditions, temperature, fibertype, and

crossbridge cycling rate, the dynamics of calcium release and re-uptake, and the mechanical

properties of the muscle fibers and their attachments (Keynes & Aidley, 1991).

2.5.2. Force-frequency relationship

If the muscle is stimulated repetitively at a sufficiently low frequency, it responds with

one twitch (of a specifie tension) per stimulus. As stimulus frequen-:y increases, the upstroke

ofone twitch adds to the tail of the preceding twitch (unfused tetanus) (Figure 2.4.). Eventually.

the response to repeated stimuli rises smoothly to a plateau. This is known as the tetanicforce,

and is generally about five times greater than the isometric (same length) twitch tension

produced by a single stimulus (see Section 2.9.2.). The frequency of stimulation that just

produces tetanus is known as the tetanizing frequency and increasing the stimulation rate

above this does not result in higher (tetanic) forces. The differences in force development

during a twitch and during a tetanus are due to the elastic component of the muscle which is

stretched and thus slows down the rate of tension developmentwhen a muscle becomes active.

There is not enough time in a twitch for maximum tension to be achieved before activation

declines. A.V. Hill (1949) showed that if the muscle is quickly stretched when it is activated.

enough to eliminate the effect of the series elastic component, the force produced by the twitch

is equal to that produced in tetanus.

The frequency required for fused tetanus is an inverse function of the contraction time

ofthe muscle, and the relationship is thus different for slowand fast muscles (Rack& Westbury,

1969). Slowmuscleswill showsummation at lowerfrequencies of stimulation than fast muscles

and consequently higher relative tension at a given frequency of stimulation. Compared to fast

muscles, the maximum isometric tension development of slow muscles will occur at a lower

stimulation frequency. The observation of rightward shifts in the force-frequency curve has

been used as a method to evaluate limb muscle fatigue (Edwards, 1981), fatigue of the

sternomastoid (Moxham et al, 1980), and the diaphragm (Aubier et al, 1981).

Within a given species, in vitro diaphragm strips have been shown to generate higher
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relative forces at a given level of stimulation frequency, as compared to other respiratory

muscles (Farkas & Rochester, 1988; Farkas & De Troyer, 1987). In humans, the shape of the

diaphragm force-frequency curve (as evaluated by transdiaphragmatic pressure) produced by

transcutaneous stimulation of the phrenic nerve in vivo, is almost identical to the relationship

measured for isolated diaphragm bundles in vitro (Aubier et al, 1981; Moxham et al, 1981).

2.5.3. Length-tension relationship

The resting in situ length is defined as the maximallength at which a relaxed or passive

muscle fails to exert a force. When a resting muscle is stretched beyond its resting length, it

exerts a passive tension which increases er.ponentially as a function of increasing muscle

length (Banus & Zeltin, 1938; Geffen, 1964; Ralston et al, 1947; Stolov & Weiplepp, 1966;

Walker, 1960). Inwhole muscle, much ofthis passive tension is due to connective tissue acting

in parallel, but cross-bridges may also contribute (Hill, 1967). The length-tension curve for the

contractile component of muscle is obtained by subtracting the initial passive tension from the

total tension during isometric contractions over a wide range of muscle lengths (Figure 2.5.).

During tetanic stimulation, there is an optimal muscle length (1.), usually between 100% and

120% of the resting in situ length, at which isometric tension is maximal (Bahler et al, 1967,

1968; Geffen, 1964; Ralston et al, 1947; Walker, 1960).

Studyi.ng the length-tension relation using single muscle fibers, however, creates

problems because the sarcomeres at the ends of the fiber are shorter than those in the middle

(Huxley & Peachey, 1961), and when the fiber is stimulated with the tendons fixed, these end

regions shorten further, stretching the middle and generating tension (Zierler, 1973). Gordon,

Huxley and Julian (1966) devised an electromechanical feedback system (an optical

servomechanism) that maintains the sarcomere lengths in the middle of the muscle fiber

constant during a contraction, and eliminates the unwanted contributions from sarcomeres at

the ends of the fiber. They published length-tension curves from frog muscle fibers and

correlated length-tension parameters with sarcomere lengths and the extent ofoverlap of thick

and thin filaments, assuming the sliding filament theory ofcontraction to be valid. Their resulls
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are summarized in Figure 2.6. The fall of tension on the right-hand side of the figure (the

descending limb) can be explained by the decrease in overlap between the thick and thin

filaments. The tension over ti;is range of sarcomere lengths was found ta be directly

proportional ta the degree of overlap. The curve plateaus between sarcomere lengths 2.0 !lm

and 2.25 !lm, and over this range, tension and the overlap of thick and thin filaments are

maximal. The fall in tension on the left-hand side of the graph (ascending limb) was attributed

ta interference with crossbridge formation by "double overlap" of actin filaments at the center

of the sarcomere and, at very short lengths, meeting of thin filaments on the opposite Z-line.

It has been suggested that the decrease in force along the ascending limb (Iengths less than

1.) of the length-tension relationship is not sa much due ta a decrease in myofilament overlap

as ta a length-dependent alteration in the activation of crossbridges by calcium (Lapez et al,

1981; Ridgway & Gordon, 1975).

The in vitro length-tension curves for the diaphragm muscle in different species are

consistent with results reported for intact limb muscles (McCully & Faulkner, 1983). Attempts

to estimate the force-Iength relationship of the human diaphragm in vivo have not been

successful (McKenzie & Gandevia, 1991) due to the complex changes in diaphragm and rib

cage geometry which occur with changes in lung volume. Supramaximal stimulation of the

phrenic nerves in human subjects reveals a decline in transdiaphragmatic pressure (as an

indirect measure of diaphragmatic force) as the muscle shortens above functional residual

capacity, consistent with ascending Iimb of the length-tension curve (Hubmayr et al, 1989).

2.5.4. Force-velocity relationship

If a muscle at 1. is attached to a load and stimulated, it will shorten and move the load.

The velocity with which it begins to shorten is a function of the load imposed on the muscle.

The relationship has a characteristic hyperbolic relationship, extending from zero velocity at

a load equal and opposite to the maximum isometric tetanic tension, to a maximum velocity of

shortening at zero load (Hill, 1938). The maximal velocity of shortening is not affected by the

number of active crossbridge, but rather seems ta be determined by the crossbridge cycling
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A.V. Hill (1938) produced a mathematical formula to describe the shape of the force­

velocity relationship:

(P+a)V = b{Po-P),

where V is the velocity of shortening, P is the load, Po is the isometric tension, and a and b are

constants (Close, 1972). The maximum velocity of shortening occurs when the muscle

contracts against no load (P=O). As the load increases, shortening will take place as long as

the load remains less than POnce P=P the velocity of shortening drops to zero.o. 0,

The maximum speed of shortening is higher for fast mammalian muscle than for slow

muscle (Close, 1972). In addition, when both the tension and the velocity are normalized to

the maximum value, slow muscles show greatercurvature for the relationship than fast muscles

do. The force velocity curves for the diaphragm are similar in shape to those reported for Iimb

• muscles (Edwards & Faulkner, 1986; Luff, 1981; Sharp & Hyatt, 1986) and in accordance with

their other characteristics, are located midway between curves ofpredominantly fast and slow

limb muscles.

The purpose ofthis chapterwas to provide the readerwith some of the general concepts

about skeletal muscle activation and contraction. The muscle under investigation in this study

is the diaphragm, which as demonstrated above, is morphologically and functionally a skeletal

muscle. The diaphragm has an intermediate fiber type distribution, which makes it weil suited

for endurance-type activity. However, the diaphragm. 'ike other skeletal (Iimb) muscles, is also

prone to fatigue. Fatigue can be evaluated by electromyography, the topic of the next chapter

(Chapter 3).

•
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• ,. Commonly used classifications:

TABLE 2.1. Types of muscle fibers

Fiber types (rel)

Twitch and fatigue
characteristics (rel)

Type 1

slow (5)

Type liA

fast resistant (FR)

Type liB

fast fatigue (FF)

Twitch and enzymatic
properties (rel)

slow oxidative fast oxidative-
(50) glycolytic (FOG)

fast glycolytic (FG)

2. Properties of muscle fibers:

Resistance to fatigue high high low

Oxidalive enzymes high high low

Phosphorylase (glycolytic) low high high

Adenosine triphosphate low high high

• Twitch velocity low high high

Twitch tension low high high

Adapted from Kimura (1983)

•
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CHAPTER :3

tt ELECTROMYOGRAPHY

Electromyography is the study and recording of the electrical activity of a muscle. This

thesis focuses on esophageal recordings of the diaphragm electromyogram, which is a surface

recording of the crural diaphragm's electrical activity. The foIlowing chapter begins with a brief

description of electromyogram (EMG) recording techniques, and is followed by a general

description ofhowthe muscle fiber action potential, and thus howthe EMG signal, is generated.

A more detailed description of the characteristics of the EMG signal in the frequency domain

is then provided. There are numerous factors which can influence the EMG signal, both

physical and physiological, and these are described in detail.

•

•

3.1. RECORDING TECHNIQUES

3.1.1. Intracellular recording techniques

Intracellular recordings of the eJectrical activity of single muscle fibers reflect the

potential difference between the inside of the fiber with respect to the outside of the fiber

(Nastuk & Hodgkin, 1950). With this technique, micropipette electrodes are used, consisting

of fine glass tubing (diameter <1 J.lm) filled with a 3 Molar potassium chloride solution. For in

vitro measurements, the isolated muscle tissue is placed in a bath containing a physiological

salt solution, and the voltage difference between one electrode placed inside the muscle fiber,

and a second electrode placed in the bath, is recorded. Intracellular recordings have been

attempted in vivo, but are proven to be difficult because contraction or slight movement of the

muscle fiber results in a breakage of the microelectrode tip. Hence, intracellular recordings

are usually Iimited to in vitro preparations (Goodgold & Eberstein, 1983).

3.1.2. Extracellular recording techniques

Extracellular recordings of the muscle's electrical activity can be obtained either by (1)
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electrodes placed on the surface of the muscle, or on the skin overlying the muscle, (surface

electrodes), or by (2) electrodes inserted into the muscle (intramuscular electrodes). Extra­

cellular recordings can be applied either in vitro or in vivo.

Depending on how the signais are referenced, extracellular recordings can be either

monopolar or bipolar. In a monopolar configuration, the voltage recorded by one "active"

electrode is measured relative to a "reference" electrode located in an environment which is

either electrically silent, or contains signais which are unrelated to those being detected. In

a bipolar recording, two detection surfaces are located on or in the muscle of interest, and the

voltage difference between the two recording points is obtained. The bipolar configuration

reduces disturbances in the signal because the influences common to both electrodes are

"subtracted out", or rejected (common mode rejection).

The specificity of the electrodes is mainly determined by (1) the distance between the

electrodes (Koh & Grabine:', 1992; Lynn et al, 1978; Zipp, 1982), and (2) the size of the

electrodes (Ekstedt & Stàlberg, 1973; Fuglevand et al, 1992; Gatl-, & Stàlberg, 1976). As a

general rule, the smaller the interelectrode distance and the smaller the electrodes, the higher

the specificity (Lynn et al, 1978). The type of electrode that is chosen to detect the EMG signal

depends on the purpose of the investigation, i.e. if the signal of interest is the motor unit action

potential (MUAP) from single motor units, or the global EMG signal, which reflects the activity

from many muscle fibers. To measure the electrical activity from single muscle fibers, or from

a small number of motor units, thin intramuscular electrodes, such as needles or wires, are

preferable (Basmajian & De Luca, 1985; Stàlberg, 1966). Surface electrodes are usually used

to detect EMG signais fram numerous motor units, and are used most effectively when

investigating superficial muscles, (or when the muscle is directly accessible in situ).

3.2. GENERATION OF THE ACTION POTENTIAL

3.2.1. The resting membrane potential

The electrical potential difference (the "potential") between the inside and the outside
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of an excitable cell (nerve or muscle fiber) depends on the ionic concentration gradients across

the membrane and on its relative permeability to the ions present. At rest, musclefibers actively

maintain their intracellular environment at a potential of about -80 to -90 mVwith respect to the

extracellular environment. Voltage and time-dependent channels in the muscle fiber mem­

brane regulate the conductance of sodium (Na") and potassium (K") ions across the mem­

brane. The channels for K" ara open, whereas those controlling the movement of Na" are

closed. In addition, a Na"'K" pump located within the muscle fiber membrane actively pumps

Na" ions out of the cell and K" ions into the cell, thereby creating the electro-chemical gradient

that produces the resting membrane potential, as quantified by the Goldman equation

(Goldman, 1943).

3.2"2. The end-plate potential

As described in the previous Chapter (Section 2.3.), the arrivai ofa nerve impulse at the

neuromuscular junction causes the release of acetylcholine (Ach) from the motor nerve

terminal, which binds post-synaptically to Ach receptors in the motor end plate region. A

conformational change within the receptor opens the acetylcholine-gated ion channels,

permitting Na" ions to enter the muscle cell, carrying with them a large amount of positive

charge. This creates a local voltage change across the muscle fiber membrane known as the

end-plate potential.

3.2.3. The action potential

When the end-plate potential reaches a certain "threshold" voltage, the voltage

dependent Na" channelsopen, causing the membrane to become extremely permeable to Na".

Na" ions f10w into the cell due to the Na" concentration gradient across the muscle fiber

membrane. The influx of Na" further depolarizes the membrane, thereby opening additional

Na" channels, which allows more Na" ions to enter the cell. Thus, a self-generating process

(the "Hodgkin-Huxley cycle") is established between depolarization and sodium permeability

(Hodgkin & Huxley, 1952). As the depolarization continues, there is an inactivation of the Na"
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channels, as weil as a delayed opening of K' channels. With the Na' channels closed, and the

K' channels open, K' ions diffuse to the exterior of the cell, repolarizing the membrane.

Because the inactivation of the K' channels is a relatively slow process, K' ions continue to

diffuse out of the muscle cell weil beyond the resting membrane potential. This hyperpolar­

ization of the membrane continues until the K' channels become completely inactivated, alter

which the resting membrane potential is re-established. The whole series of events,

depolarization due to the inward flow of Na- ions, and repolarizatior· lue to the outward flow

of K" constitutes the action potential.

3.2,4. Propagation of the action potential

Once an action potential has been initiated at one point along the cell membrane (the

"active" region), a local current loop is set up (Figure 3.1.). Current fiows from (1) the active

region (positively charged) through the intracellular fluid longitudinally, to the adjacent

negatively charged inactive regions. (2) Current then flows across the membrane to the

extracellular fluid. (3) Extracellular current flows longitudinally along the muscle fiber

membrane, and the loop is completed by the flow of current across the membrane into the cell,

back to the starling point (Clark & Plonsey, 1968). When current flows from inside the cell to

the outside (step 2), the membrane is depolarized. When the depolarization reaches

threshold, an action potential is generated, giving rise to a new local current loop. The action

potential is thus self-propagating, moving along the whole length of the muscle fiber, and does

not decrease in amplitude (Goodgold & Eberstein, 1983).

3.2.5. Single muscle fiber action potentials

Oepolarization of the muscle fiber membrane, accompanied by the movement of ions,

generates an electric field outside the muscle fiber. A pair ofextracellular recording electrodes

can detect this electrical field, producing a change in voltage (the EMG signal), whose time

course is known as the muscle fiber action potential. If the two electrodes are placed in the

direction of the muscle fiber axis, the muscle fiber action potential is essentially a bi-phasic
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Figure 3.1. Illustration of the propagation of the action potential along a nerve or fiber
membrane. Arrows indicate the direction of current flow. See text for details. (Adapted
from Kimura, 1983)
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waveform.

ln humans, muscle fiber action potentials move physically down the muscle fiber

membrane at a velocity of 2 to 6 mis (Stalberg, 1966). The velocity at which the action potential

moves along the muscle fiber membrane is known as the muscle fiber action potential

conduction velocity, and will hereafter be referred to as CV.

Although the action potentials from a single fiber are identical in terms of shape and

amplitude (Le. it is an "ail or nothing" phenomenal, the shape and amplitude of the recorded

action potential will depend on such factors as the orientation of the recording electrodes with

respect to the active muscle fibers, the distance between the muscle fiber and the electrodes,

the filtering properties of the electrodes, and the CV of the signal along the fiber membrane

(lindstrëim, 1973).

3.3. SINGLE MOTOR UNIT ACTION POTENTIAL

The motor unit action potential (MUAP) constitutes the spatial-temporal summation of

the individual muscle fiber action potential::o from a given motor unit (Broman & Lindstrëim,

1974). Agraphic representation of the summation of single fiber action potentials is presented

in Figure 3.2 (from Basmajian & De Luca, 1985). The integer n represents the total number

of muscle fibers of one motor unit that are sufficiently near to the recording alectrode 10 be

detected. The action potentials associated with each muscle fiber and the resultant MUAP,

h(t), are presented at the right side of the figure. The shape of the MUAP is not a simple biphasic

wave because the action potentials arise from different fibers which are spatially dispersed

within the muscle, and hence, do not travel under the electrodes at the same time (Basmajian

&De Luca, 1985). In addition, differences in the lengths of the motorneuron terminal branches,

and possible fiber to fiber differences in CV will affect the arrivai times of the action potentials

at the electrodes (Merletli et al, 1992). Essentially, the shape and amplitude of the MUAP is

dependent on the geometrical arrangement of the active muscle fibers with respect to the

electrode site, the distance between the muscle fibers and the electrodes, the filtering

properties of the electrodes, the CVs along the fiber membranes, and the number of fibers
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Figure 3.2. Schematic representation cf ihe generation of the motor unit action potential.
(From Basmajian & De Luca, 1985)
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within the motor unit (Broman & Lindstrbm, 1974; Lindstrbm, 1973).•
3.4. SUMMATION OF MOTOR UNIT SIGNALS· THE INTERFERENCE PATTERN EMG

•

The consequence of a MUAP, following a few milliseconds delay, is a mechanical twitch

of the muscle fibers in the motor unit. In order to sustain a voluntary contraction, the motor units

fire repeatedly. The resulting sequence of MUAPs is known as a motor unit action potential

train (MUAPT). The EMG signal recorded during voluntary contractions represents the linear,

temporal and spatial summation of asynchronously firing MUAPTs (Lindstrbm & Broman,

1974). When single MUAPs can no longer be distinguished, the signal is referred to as an

interference pattern EMG.

A simplified schematic representation of the summation of motor unit signais is

presented in Figure 3.3. (from Basmajian & De Luca, 1985). As described in Section 3.3., the

location of the active motor units with respect to the recording site determines the waveform

of the MUAPs, h(t). The integer p in Figure 3.3. represents the total number of MUAPTs which

contribute to the potential field al the recording sile. The superposition of the MUAPTs at the

recording site forms the physiological EMG signal m (t,F), and is a function of both contractionp

time, t, and force, F. The physiological signal is not observable.

The physiological signal is infJuenced by electrical noise, n(t), and the filtering

properties of the recording electrodes and the equipment, r(t). The resulting signal is the

observed EMG signal m(t, F), and can be described by the following equation;

t>

m(t,F) = L: u;(t,F),
,. 1

where i = the ith MUAPT, and the other variables are as described above.

The observed interference pattern EMG is thus a function of the number of active motor

units, their firing rates and/or synchronization, the shape of the MUAPs (in turn dependent on

• distance and electrode filtering), and cancellation of opposite phase potentials (Linds\rëm &

Broman, 1974; Lindstrëm & Kadefors, 1974). For a more detailed mathematical description
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of the interference pattern EMG, the reader is referred to the original works by Broman &

Lindstrëm (1974), Lindstrëm (1973), Lindstrëm & Broman (1974), and Lindstrëm & Kadefors

(1974).

3.5. ANALYSIS OF THE INTERFERENCE PATTERN EMG

3.5.1. Time domain

The "raw" surface EMG signal, whether monopolar or bipolar, represents changes in the

muscle's electrical activity as a function of time, and is therefore referred to as a time domain

signal (Figure 3.4. top). At minimallevels ofcontractions, isolated MUAPs can be distinguished

and analyzed by such lime domain measurements as rise time, duration, the numberof phases,

amplitude, and total power (area) (Daube, 1981).

With increasing levels of contraction, new motor units are recruited and/or the firing rate

of already active motor units increases. The resulting interference pattern EMG can be

analyzed by such measurements as amplitude and total power, which are generally accepted

to be related to the tension exerted by the muscle (Lippold, 1952; Milner-Brown & Stein, 1975).

Other useful in~ormation can be obtained by counting the number of zero crossings (Hagg,

1981) or the number of turns in the signal (Willison, 1964). These measurements are related

to the frequency content of the signal, and have been shown to provide information regarding

muscle fatigue (Hagg, 1992).

The power of the EMG signal is intimately related to its frequency characteristics

(Lindstrëm &Kadefors, 1974), and the frequency characterislics are in turn related to the CV,

the filtering properties of the electrodes, the distance to the muscle, and noise (Lindstrëm &

Pétersen, 1983). These factors are difficult to evaluate in the time domain, and since modern

technology allows for frequency domain analysis of the EMG signal, frequency domain

analysis is preferable.
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from the present study).

35



•

•

•

3.5.2. Frequency domain

Transformation between the time domain and the frequency domain is usually per­

formed by a discrete Fourier transform, the fast Fourier transform (FFT) (Cooley & Tukey,

1965). The FFT components, both real and imaginary, are squared, and their pioduct is

calculated, giving the power spectrum of the EMG signal (Figure 3.4. bottom). The power

spectrum represents the power of the signal, or the strength of its components, plotted as a

function of frequency (Lindstrëm & Magnusson, 1977).

Mathematically, the power spectrum W(ro) can be written as the squared absolute value

of the Fourier amplitude (ct» described by the following formula (Lindstrëm & Pétersen, 1983):

W(ro) = lim (1/2T) l'I'(iro)'I'(-iro)1
T -. 00

where, the spectral amplitudes 'l'(iro) are obtained with a Fourier transformation of the time

dependent signal ct>(t):

+T
'l'(iro) = f ct>(t)exp(-irot)dt.

-T

The power of the signal, P, can be calculated according to the formula:

00

P = (11lt) f W(ro )dro.

o

Based on these computations, Lindstrëm and Broman (1974) have shown that the

power spectrum of randomly and temporally summated motor unit signais reflects the

properties of the individual motor units' power spectrum (Figure 3.5, spectrums Aand B). For

the EMG signal composed of motor unit potentials of different shapes, the observed power

spectrum represents a weighted mean of the spectra from the contributing units.
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Numerical quantification of the power spectrum is possible by calculating the spectral

moments of the spectrum (Lindstr6m & Pétersen, 1983). Spe:tral moments (M) of order n are

defined as:

f
Mn=L, power' (frequency)n,

o

where f is the highest frequency in the power spectrum. Note that spectral moments of

increasing order are more sensitive to high frequency noise as the frequency values are raised

to higher powers.

The moment of order zero, Mo' represents the total power of the EMG signal. This

quantity, and the RMS value (Mo'J:l/n, where n is the number of points in the sample),

theoretically represents the force output of the muscle (Lindstr6m & Kadefors, 1974).

However, both the RMS (and the total power) depend on a number of parameters such as the

electrode-to-muscle distance, the number of fibers in the motor unit, the CV, and others (see

Section 3.7. and 3.8.) (Lindstrom & Kadefors, 1974).

ln comparison to measuring the power of the signal in the time domain, frequency

domain calculations of power can be performed for different frequency bands of the spectrum,

and thus, artifactual influences occurring at particular frequencies (eg. 60 Hz influence from

the power line) can be distinguished, and eliminated. It is also possible to calculate the power

ratio between pre-determined high and low frequency bands of the power spectrum (the H/L

ratio), in order to get an index of the distribution of power for different frequency bands.

Quantification of the distribution ofpower in the spectrum can be obtained bycalculating

the frequency which divides the power spectrum into two parts of equal power. This is known

as the median frequency (MF). and is mathematically described as:
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The frequency-distribution of power in the spectrum can also be evaluated by calculat-

• ing the ratio of M, to Mo' which is known as the center frequency (CF) (also known as the mean

or centroid frequency), and is defined as:

where,

and,

f
Mo =L power' (frequency)o,

o

f
Mt =L power' (frequency)',

o

• ln a study evaluating the statistical properties of spectral moments and spectral

estimates, it was reported that the CF was the most reliable measure to quantify the spectrum

because of its stability and sensitivity with respect to spectral shifts during fatigue (Hary et al,

1982). Empirical studies by Schweitzer et al (1979) have confirmed this theory. This is in

contrast to the conclusion of Stulen & De Luca (1981) who deduced that the MF is a better

estimate than the CF, since it is less sensitive to noise interference.

Ali mathematical formulas and expressions proposed by Lindstrëm (1970) to model the

EMG power spectrum contain the quotient wlv, where w is the angularfrequency (or 21t times

frequency), and v is the conduction velocity (or CV) of the action potential. This states that any

change in CV must be accompanied by a translation of the spectrum along the frequency axis

(Lindstrëm, 1970), and hence CF and MF values are related to CV. Experimentally, the

relationship between CF/MF and CV has been demonstrated (Arendt-Nielsen et al, 198'!

Arendt-Nielsen & Mills, 1985; Ebersiein & Beattie, 1985; Roy et al, 1986; Sadoyama etai, 1983;

• Sinderby, unpublished observations; Zwarts et al, 1987).

Spectral analysis of surface EMG therefore provides direct information concerning the
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physiological properties of the muscle fiber membrane. However, there are a number of

factors, both physical and physiological, which can modify the signal, and subsequent

calculations of CF/MF, as described in Sections 3.6. and 3.7.

3.6. PHYSICAL FACTORS INFLUENCING THE EMG POWER SPECTRUM

The factors which influence the power spectrum can be described as a cascaded chain

of filter functions, each describing one particular physical or physiological phenomenon

(Figure 3.6.), and are described below (3.6.1.-3.6.5.) and in the following section (3.7.).

3.6.1. Bipolar electrode transfer function

For bipolar elec:rodes which are Iined up parallel to the direction of the muscle fibers

and which have an interelectrode distance of 2d, the bipolar electrode transfer function (Fo,po,)

is calculated to be (Lindstr6m, 1973):

(A transfer function is an expression linking the output of an instrument to its input). The

influence of the bipolar electrode transfer function on the EMG power spectrum is presented

in Figure 3.7. (middle and right panels), and demonstrates that the filter function behaves as

a differentiating filter that adds a positive slope of 6 dB/octave to the spectrum in the low

frequency region, Le. acting as a high-pass filter. In addition, due to the difference in arrivai

time of the signal at the two detection sites, so-called "dips" are introduced into the power

spectrum at frequencies where the sine function is equal to zero, that is, al:

CJ) = n7t(CV)/d,

where n =an integer (dip of order n), and d is h3!f the interelectrode distance. The positions

ofthese dips are dependent upon the interelectrode distance and the CV along the muscle fiber
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membrane. Given the interelectrode distance (2d), we can determine the CV from the following

• formula:

CV = 2df
dip

where fdi• = the frequency at which the first dip occurs in the power spectrum. In experiments

performed on the biceps brachii, Lindstrëm and Magnusson (1977) used dip analysis and

found CVs in the range of 3.5-4.8 mis, which were in agreement with previously published

values of2.8-5.9 mis, as measured directly by needle electrodes (Buchtal etai, 1955; Stâlberg,

1966).

•

•

The use of"dip analysis" in determining CVwas latercriticized because of the difficulties

in observing distinct dips in the power spectrum (Arendt-Nielsen & Zwarts, 1989; De Luca,

1984; Lynn, 1979; Lynn et al, 1978). However, if the required methodology is adhered to,

namely that the electrodes should be placed along the muscle fiber direction and in a region

free of innervation zones (Lindstrëm, 1970), the presence of dips is easily discernible, as is

demonstrated in Figure 3.7. (Ieft panel) for the canine costal diaphragm.

3.6.2. Interelectrode distance

3.6.2.(i) Effects of interelectrode distance on the bandwidth of the signal

The effect of changing the interelectrode distance between a bipolar pair is a change

in the bandwidth of the detected EMG signal (Basmajian & De Luca, 1985; Fuglevand et al,

1992; Kadefors et al, 1969; Lynn et al, 1978; Parker & Scott, 1973; Sinderby et al, 1993b; Zipp,

1978). The bandwidth of the signal is defined as "the range offrequency between the high and

low 3 dB (or 6 dB) points". A reduction in the interelectrode distance acts as a high-pass filter,

resulting in an increase in the bandwidth of the signal. Figure 3.8.A demonstrates the effect

of changing the interelectrode distance on the bandwidth of the costal diaphragm EMG power

spectrum.
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3.6.2.(ii) Effects of interelectrode distance on the position of the dips in the spectrum

Changing the interelectrode distance will affect the frequencies at which power spectral

dips occur, providing CV remains constant, and if the electrodes are placed along the muscle

fibers and in an area free of innervation zones (Lindstrbm, 1973). According to the formula v

= 2dfd;o' (see Section 3.6.1.) reductions in the interelectrode distance will place the dips at

higherfrequencies, until they surpass the frequency range of the spectrum, at which point they

can no longer be observed (Le. the dips fall into the region of high frequency noise) (Figure

3.8.B). Hence, changes in interelectrode distance will alter the shape and frequency­

distribution of the power spectrum (Sinderby et al, 1993b).

3.6.2. (iii) Effects of interelectrode distance on calculations of CF/MF and RMS

Because the frequency-distribution of power is altered with variations in interelectrode

distance, calculations of spectral estimates such as CF, and MF are also influenced. A

tendency for increasing MF values with reductions in interelectrode distance has been

observed in the biceps brachii (Gerdle et al, 1990), and in the triceps brachii and anconeus

muscles (Bilodeau et al, 1990). In these studies, however, the orientation of the electrode with

respect to fiber direction and innervation zones was not controlled (see Sections 3.6.3. and

3.6.5.). Experiments in which electrode positioning was weil controlled reveal a strong effect

of changes in interelectrode distance on CF/MF (Figure 3.8.C). As a general rule, high-pass

filtering of the signal due to decreasing the interelectrode distance will enhance the high

frequency components of the signal, and thus CF and MF values will be higher.

Il has been observ(;d that CF/MF values can actually increase with increases in

interelectrode distance (>15 mm). This has been attributed to the presence and positions of

numerous dips in the power spectrum (Figure 3.8.B). In addition, the relationship between CF/

MF and CV is weakened for interelectrode distances greater than 10 mm (Sinderby,

unpublished observations).

The effect of interelectrode distance on CF/MF is critical in expv,;,"'lents in which wires
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are attached or inserted in two points along the muscle. During muscle shortening, the

• separation between the two electrodes decreases, thus influencing the power spectrum and

subsequent calculation of CF/MF. This increase in CF/MF observed may be misinterpreted

as being due to the shortening of the muscle (i.e. a length effect), rather than an interelectrode

distance effect.

A consistent finding is the relationship between the interelectrode distance and the total

power, or RMS, of the EMG signal. In experiments performed on the biceps, Lindstrëm &

Kadefors (1974) found that the power of the EMG signal (RMS) was proportional to the

interelectrode distance, and that the RMS level reached an asymptotic value as the spacing

was increased. This observation has been confirmed by other investigators for other muscles

(Andreassen & Rosenfalck, 1978; Gath & Stâlberg, 1976; Gerdle et al, 1990; Moller, 1966;

Parker & Scott, 1973; Vigreux et al, 1979), and for studies in nerves (Buchtal & Rosenfalck,

1966; Palacios et al, 1993; Varguese & Rogoff, 1983; Winkler et al, 1991). Lynn et al (1978)

have demonstrated that most of the increase in power with increasing inter-electrode distance

• occurs in the low frequency range of the spectrum.

3.6.3. Electrode orientation

•

ln theory, calculations of spectral estimates such as CF and MF have a direct

relationship with CV (Lindstrëm, 1970), when a bipolar configuration is used. This relationship

holds true when the electrodes are placed parallel to the direction of the muscle fibers, and

outside the innervation zones. If the electrode orientation with respect to the fiber direction is

not maintained, calculations of CV can be misinterpreted (Lindstr6m, 1970; Lynn, 1979;

Sadoyama et al, 1985).

ln esophageal recordings of the diaphragm EMG (in humans), the direction of the

(crural) muscle fibers with respect to the esophageal electrodes is not known, and therefore,

no deductions about CV can be made. However, during the development of fatigue (where CV

is known to decrease), spectral shifts and decreases in CF/MF have clearly been demonstrated

for muscles in which the fiber direction was not known, such as the diaphragm (Gross et al,
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1979; Bellemare & Grassino, 1982). Hence, mis-orientation of the electrodes does not exclude

• measurements of CF/MF in terms of evaluating fatigue, although absolute measurements of

CV cannot be determined.

3.6.4. Distance dependent filtering function

Lindstrëm and Magnusson (1977) demonstrated that the electrical field generated by

the muscle decreases with increasing observation distance, in such a way that the high

frequency components are more strongly damped than those of low frequency. CF and MF

values, as weil as RMS are thus reduced as the electrodes are placed further away from the

muscle.

•

•

Mathematically, the electric field outside the muscle fiber is described by Lindstrëm

(1970) by modified Bessel functions of the second kind and order zero, Ko, which gives the

power spectrum distance dependent filtering function:

Distance filtering = K02(Cllh/v)/Ko2(Clla/v)

and is plotted in logarithmic scales in Figure 3.9.

The distance dependent filterhas the characterof a low-pass filter, the cut-offfrequency

of which is inversely proportional to the observation distance. This filter influences both the

signal amplitude and the signal shape, causing the fast variations to disappear earlierthan the

slow ones, as one moves away from the signal source. If the electrode is placed in the vicinity

ofan innervation zone, or near the tendinous portion of the muscle, the filter function described

above is modified (De Luca, 1984; Lindstrëm & Pétersen, 1983).

Experimentally, it has been demonstrated that increasing the radial distance between

the active muscle fibers and the electrode results in an increase in attenuation of the signal's

peak-to-peak amplitude (Andreassen & Rosenfalck, 1978; Ekstedt, 1964; Fuglevand et al,

1992; Gath & Stâlberg, 1976; Gath & Stâlberg, 1978; Gydikov & Gatev, 1982; Hâkansson,

1957b; Lynn et al, 1978; Morimoto et al, 1980; Stâlberg, 1966). Several authors have shown
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that the peak to peak amplitude of the potentials (from single muscle fibers) decreases

inverselywith the radial distance raised to some power, for example n=1.3 (Hakansson, 1956,

1957b), or n=2.4 (Buchtal et al, 1957).

Studies concerning the effect of distance filtering on the frequency content of the EMG

power spectrum are few. Gath and Stalberg (1978) found that the attenuation of the action

potential peak-to-peak amplitude with radial distance is exponential, and the steepness of the

decline depends on the frequency content of the signal. Gydikov and Gatev (1982) demon­

strated an increase in duration of a single muscle fiber action potential as the radial distance

increased, implying a reduction in the signal's frequency cOl"'tent. With respect to interference

pattern EMG, it has been described that the peak of the power spectrum moves to lower

frequencies with increasing distance between the electrodes and the muscle fiber (Andreassen

& Rosenfalck, 1978; Gath & Stalberg, 1978; Lateva et al, 1993), but no comment was r1ade

regarding CF or MF values. Most recently, De la Barrera & Milner (1994) demonstrated a

significant, inverse correlation between MF values obtained from the biceps brachii, and

skinfold thickness, but a description of the power spectrums was lacking.

3.6.5. Innervation zone

Bipolar electrodes positioned directly over an innervation zone will produce a complex

interference pattern (Basmajian & De Luca, 1985; Desmedt, 1958; Lindstrëm, 1973), and will

strongly affect the power spectrum (Lindstrëm, 1973).

The mathematical expression which describes the power spectrum obtained with

electrodes overlying an innervation zone shows a very complicated oscillating pattern, the

derivation of which is beyond the scope of tr.is thesis (Lindstrëm, 1973). However, the

innervation zone effect can be reduced ta a simplified model, and is described by:

Innervation zone factor = sin (roz/v)

where z is the distance between the center of the total innervation zone and the center point
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between the two electrodes (Lindstrom, personal (')mmunication). This factor is added to the

• previously described sine function describing the bipolar electrode transfer function (see

Section 3.6.1.). According to mathematical predictions, bipolar EMG recordings obtained with

electrodes overlying an innervation zone are predicted to be reduced in total power, and to

have a broadened power spectrum with enhanced contributions in the high frequency range.

This indicates that spectral estimates, such as the CF and MF, will increase when the electrode

pair lies over an innervation zone, and that RMS values will decrease. The above innervation

zone factor is presented graphically in Figure 3.10.

Studies on limb muscles have demonstrated that EMG signais obtained by bipolar

surface electrodes are influenced by the underlying innervation zones (Buchtal & Rosenfalck,

1955; Hiifiker & Meyer, 1984; Lindstrëm & Kadefors, 1974; Masuda et al, 1983a,b; Morimoto

et al, 1980; Roy et al, 1986; Saitou et al, 1991). Morimoto et al (1980) found that when one of

the electrodes from a bipolar electrode pair was positioned directly over an end-plate, action

potentials were steeper and shorter in duration near the innervation zone than at a distance

• from them. In a later study, it was observed that when the innervation zone was located just

under the center of the bipolar electrode pair, the amplitude of the signais was clearly reduced

(Masuda & Sadoyama, 1986; Morimoto, 1986). This is similar to the findings of Lindstrëm &

Kadefors (1974), in which a 10 dB decrease in power was observed at the innervation zone

when an electrode pair was moved along the muscle from one end to the other. In agreement

with Lindstrëm's predictions, Roy et al (1986) and Saitou et al (1991) found that measurements

of MF were consistently highest at the region of the innervation zone of the tibialis anterior, and

the biceps brachii, respectively. The technical conclusion is therefore that when bipolar

surface electrodes are used for measurement, the innervation zone should be avoided.

3.7. PHYSIOLOGICAL FACTORS WHICH INFLUENCE THE EMG POWER SPECTRUM

• 3.7.1. Muscle length

Based on the cable theory ofelectric propagation, Hodgkin & Rushton (1946) predicted
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that the CV of fibers with identical membranes and cellular composition should vary as the

square root of the fiber diameter. i.e. v = knr, where v is the conduction velocity. ris the radius

of the fiber. and k is a constant. In vitro studies in both nerves and skeletal muscle fibers have

confirmed that when fibers of different diameters were evaluated, the CV was found to be

directly proportional to the fiber diameter. i.e. v = kr (Hàkansson. 1956; Katz. 1948).

Based on the assumption and the experimental verification that the volume ofa muscle

fiber remains constant during length changes (Elliot et al. 1963. 1967). stretching of a muscle

fiber will result in a decrease in muscle fiber diameter. In 1946, Hodgkin & Rushton

hypothesized that a reduction in diameter (due to lengthening of the fiber). will result in an

increase in intracellularresistance, and hencewill reduce CV. Later. Hodgkin (1954) proposed

that when a fiber is stretched. the increase in intracellular resistance caused by the reduced

diametercould be compensated by a decrease in surface area (per unit length) produced when

the membrane "unfolds". (This "unfolding model" is based on the assumption that both the

surface area and the volume of the muscle fiber. or at least their ratio. remain constant during

stretching). According to this model. Hodgkin (1954) predicted that CV remains constant

during stretching of a muscle fiber. The unfolding of the muscle fiber membrane with passive

stretch of the muscle was later demonstrated in Jitro (Dulhunty & Franzini-Armstrong. 1975).

and it was shown that the foldings in the membrane. or caveolae. provide the membrane

necessary for the maintenance in surface area.

Studies on single muscle fibers in vitro. under weil controlled experimental conditions.

have demonstrated that CV does not change with moderate changes in muscle length

(Hàkansson. 1957; Martin. 1954; Oetlicker & Schumperli. 1982). In facto under conditions of

extensive stretching of muscle fibers. it has been reported that CV can actually increase

(Hàkansson. 1957; Inoue. 1955; Oetlicker & Schumperli. 1982).

ln vivo experiments performed on whole limb muscles with bipolar surface EMG

electrodes have demonstrated that CF/MF and CV values can either increase (Bazzy et al.

1986; Inbar et al, 1987; Kappert et al, 1989; Okada, 1987; Shankar et al, 1989), remain

unchanged (Saitou et al, 1991; Sato. 1982), or decrease (Petrofsky et al, 1982; Shankar et al,
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1989) with muscle shortening. With respectto muscle lengthening, Morimoto (1986) found a

decrease in CV. Experiments performed with needle electrodes have as weil provided

conflicting results, and have showed that CV can increase (Trontjel, 1993), (Kossev et al,

1992), or remain unchanged (Gydikov & Kosarov, 1973) with muscle length.

ln general, surface recording studies pertaining to muscle length and its effect on the

EMG power spectrum should be interpreted with caution. As stated at the onset ofthis chapter,

numerous physical factors can influence the frequency content of the EMG signal, particularly

when bipolar surface electrodes are used, the most important being the position of the

electrodeswith respect to the innervation zone (see Section 3.6.5.). Surface electrodes placed

on the biceps will move with respect to the underlying innervation zone as the muscle changes

in length and thus willlead to erroneous measurements of CF and/or MF values (Saitou et al,

1991). In addition, the changes in skin thickness which occur with changes in muscle length,

will alter the electrode-to-muscle distance (De la Barrera & Milner, 1994) and will filter the

signal as previously described (Section 3.6.4.). Lastly, studies in which the interelectrode

distance is not kept constant cannot be considered reliable as the EMG power is significantly

influenced by changes in interelectrode distance (Section 3.6.2.). The above can be

exemplified by an in vivo study in our laboratory in which signal quality, electrode positioning,

and distance filtering were controlled for (Sinderby et al, 1993c). The results indicated a

tendency for a 10 % increase in CV with 50% shortening of the diaphragm from FRC, as

determined by extrapolation of the obtained data (Sinderby et al, 1993c).

ln summary, weil controlled studies in vitro and in vivo indicate that there are minor or

no changes in CV with char:ges in muscle length, and that studies in which the methodology

is not controlled, can show a variety of results.

3.7.2. Muscle force

The effects of muscle force on the EMG power spectrum can be described in terms of

the complicated, interactinG affects ofmotor unit summation, recruitment according to the "size

principle", and motor unit firing rate, which are described in 3.7.2.(i) through (iv). The last
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subsection (v) will deal with the "global" effect of force on CF/MF/CV.

3.7.2.(i) Motor unit summation effects

As previously described (section 3.3), the interference pattern EMG's power spectrum

obtained during moderate ta high levels of contraction is determined by the summation

(random, temporal and/or spatial) of individual motor unit signais.

Random summation (Figure 3.5.B.): Computer simulations of the EMG power spectrum have

demonstrated that the power spectrum of randomly summated signais contains fluctuations,

but overall, has the same shape as that of the single motor unit power spectrum. The power

spectrum of randomly summated signais thus reflects the properties of the individual compo­

nents (Lindstr6m & Broman, 1974).

Tempora/ summation (Figure 3.5.C.): Temporal summation of signais (signais arriving at a

regular time sequence) also yields an EMG signal whose power spectrum's shape is similar

ta that of the single motor unit spectrum. In this case, the power spectrum is characterized by

a number ofpeaks which occurat frequencies which are equal ta the firing rate of the individual

signal and its harmonies (Lindstr6m & Pétersen, 1981; Van Boxtel & Schomaker, 1984).

Spatia/summation (Figure 3.5.D.): ln the caseof spatial summation, wherethe individual motor

unit signais are synchronized with relatively small time differences, the power spectrum's

shape is altered considerably (Lindstr6m & Pétersen, 1983). At low and high frequencies, the

shape of the spectra~ curve follows that of the individual motor unit spectrum. The position of

the curve is, however, shifted upwards in the low frequency range by an amount proportional

ta the number of active motor units. The energy of the power spectrum drops at higher

frequencies, the relative amount depending also on the number of active units.

3.7.2.(ii) Recruitment according ta the size principle

It has been hypothesized that the progressive recruitment of larger motor units can

account for the increases in CF/MF/CV observed during the gradation of muscle force

(Andreassen & Arendt-Nielsen, 1987; Arendt-Nielsen et al, 1984; Broman et al, 1985;
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Gantchev et al, 1992; Masuda & DeLuca, 1991; Roy et al, 1986; Sadoyama et al, 1983:

Solomonow et al, 1990), regardless of the type of summation.

It is generally accepted that during voluntary muscle contraction, the recruitment of

motor units progresses according to a "size principle", from small units to large units

(Henneman, 1957). As previously described (see section 3.4.2.), fibers of largerdiameter have

higher CVs, supporting the above suggestion that the increase in CF/MF/CVwith force is due

to the recruitment of larger motor units. Andreassen & Arendt-Nielsen (1987) found that the

CV of a single motor unit was related to the contractile properties of the unit (rise time, twitch

force, one half relaxation time), and hence, that CV could be considered a size principle

parameter. It has been demonstrated experimentally with both surface (Masuda & DeLuca,

1991) and needle recordings (Gantchev et al, 1992) that motor units with higher recruitment

thresholds have higher CVs. According to Gantchev et al (1992), CV in itself cannot be

regarded as a size principle parameter because the recruitment threshold-CVrelationship was

found to be non-linear. On the otherhand, a strong correlation between CF and fast-twitch fiber

content (type Il fibers) has been demonstrated (Gerdle et al, 1988b; Moritani et al, 1985),

supporting the statement by Andreassen & Arendt-Nielsen (1987) that CV is a size principle

parameter.

3.7.2.(iii) Effects of increasing firing rate

It has been shown in vitro that the excitability of a nerve or a muscle membrane is

affected by the preceding action potential (Hanson, 1974; Homma et al, 1983). Stalberg (1966)

demonstrated an increase in CV with decreasing spike interval in in situ human single muscle

fibers. The signais were recorded with a multielectrode needle during both electrically evoked

and voluntary muscle activation, and he defined the term "velocity recovery function" to

describe the changes in CV with firing rate.

The same increase in CV with motor unit firing rate has been found by various authors

using surface electrodes (Gydikov et al, 1976; Morimoto & Masuda, 1984; Nishizono et al,

1979; Sadoyama & Masuda, 1987), and concentric needle electrodes (Fuglsang-Frederiksen
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& Ronager, 1988). In contrast, others have demonstrated that firing rate has no effect at ail

on CF/MF/CV values with electrical stimulation (Solomonow et al, 1990), under conditions of

voluntary activation (Kossev et al, 1991), or \Vith computer simulations of the EMG power

spectrum (Hermens et al, 1991; Rourke et al, 1984). Sadoyama & Masuda (1987) presented

a study in which they found that the change in CV within the individual motor units was smaller

than the overall change in the average CV for the full range of the contraction force. They

suggested that the increases in CV observed within the motor unit due to increased firing rate

alone, are not sufficient to account for the increase in the average CV, and thus the effect of

recruitment ofadditional motor units with higher CVs should not bediscounted. In fact, Moritani

& Muro (1987) concluded that the linear increase in the CF of the EMG power spectrum with

increasing force in the biceps brachii was due to a combination cr both an increase in firing rate,

and the progressive recruitment of additional motor units.

3.7.2.(iv) Recruitment related distance filtering theory

Another explanation for the increase in CF/MF/CV with increasing levels of forcE:

includes the decreased influence of distance dependent filtering during the recruitmant of

larger, more superficial motor units, as seen in the biceps (Hagberg & Ericson, 1982; Hagberg

& Hagberg, 1988).

3.7.2.(v) Effect of "global" force on CF/MF/CV

Studies evaluating the effect ofmuscle force on the EMG power spectrum have provided

conflicting results. Experiments performed with surface electrodes have indicated that the CF/

MF, or average CV can either increase in a Iinear (Bilodeau et al, 1990; Broman et al, 1985;

Gerdle et al, 1990; Moritani & Muro, 1987) or curvilinear fashion (Arendt-Nielsen et al, 1984;

Gantchev et al, 1992; Hagberg & Ericson, 1982; Hagberg & Hagberg, 1988; Komi & Vitasalo,

1976; Masuda& Deluca, 1991; Naieje & Zorn, 1982; Palla&Ash, 1981; Sadoyamaetal, 1983;

Van Boxtel & Schomaker, 1984; Zwarts et al, 1988), or can remain unchanged with increasing

levels of contraction (Bazzy et al, 1986; Bigland-Ritchie et al, 1981; Bilodeau et al, 1990;
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Eberstein & Beattie, 1985; Gerdle et al, 1988a; Kaiser & Pétersen, 1963; Unostr6m & Pétersen,

1981; Merletti et al, 1984; Petrofsky & Und, 1980a,b; Sato, 1976; Seki et al, 1991; Sollie et al,

1985a,b; Tarkka, 1984; Vit3salo & Komi, 1978). Studies reporting the curvilinear relationship

between force and CF/MF/CV show inconsistencies with respect to the range of % maximal

voluntarycontraction (MVC)where CF/MF/CVwas found to increase, and then plateau. In one

study, CF was even found to decrease with increasing levels offorce (Westbury & Shaughnessy,

1987). It must be mentioned however, that factors such as summation effects, recruitment, and

firing ratewere not evaluated in these studies. As weil, the effect offatigue on CFIMF/CV must

be taken into consideration in studies evaluating the EMG at high levels of contraction.

The discrepancies between different studies may in part be due to differences in

electrode size and inter-electrode spacing, as suggested by Bilodeau et al (1990). Moritani

& Muro (1987) sawan increase in CF with force using smail electrodes (4 mm) and a smaller

inter-electrode distance of 6 mm, but no relationship with larger electrodes (10 mm), and an

inter-electrode distance of 40 mm. Hagberg & Ericson (1982), using an inter-electrode

distance of 20 mm, observed an increase in CF up to about 25-30% of MVC, while Petrofsky

&Und (1980a), using a 40 mm'inter-electrode distance did not find any relationship at ail. This

seems to support the above suggestion that electrode size and spacing may be related to the

differences between studies, however, it should also be pointed out that the muscles

investigated in these studies were different.

Differences in muscle type alone could account for the discrepancies, as suggested by

Moritani et al (1985). As described in Chapter 2, Section 2.4., different muscles have different

recruitment threshold levels (and ranges of increasing firing rate), thereby providing one

possible factor behind the different results in force-CF/MF/CV relationships reported in the

literature. In addition, it has been suggested that the type of contraction (ramp vs. stepl may

influence the force- CF/MF/CV relationship (Bilodeau et al, 1991 l.

It is also possible that the different observations concerning the force-CF/MF/CV

relationship are due to inaccurate positioning of the electrodes with respect to the muscle fiber

direction and the innervation zones. In studies where the cross-correlation method is used to
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calculate the average CV (Andreassen & Arendt-Nielsen, 198ï; Broman et al, 1985; Sadoyama

& Masuda, 1987), accurate electrode orientation with respect to the fiber direction is crucial,

and if altered, will result in over-estimations of the average CV (see Section 3.6.3.). CV/CF/

MF measurements are also highly sensitive to electrode positioning with respect to the

innervation zone. ln most studies, the position of the end-pl3te region is seldom, if ever,

mentioned. Komi and Viitasalo (1976) and Viitasalo and Komi (1977) found a consistent

decrease in the MF with contraction strength for the rectus femoris muscle when the eleclrodes

were placed over the mator point of the muscle. When the electrodes were placed distally from

the motor point, a curvilinear relationship between CF and force was obtained.

ln general, none of the above theories (Sections 3.7.2.(i)-(iv)) can fully support or reject

the effects of muscle force on the EMG power spectrum. This is due to the different methods

used and the different muscles under investigation.

3.7.3. Cross-talk

Cross-talk is deiined as the :signal generated by a given muscle and detected on the

surface of, or inside a different muscle (Merletti et al, 1992), and was first described by Denny­

Brown (1949) who showed that electrical activity can be recorded from inactive or denervated

muscle, which was simply acting as a conductive tissue.

Cross-talk signais from distant sources are distance filtered (see Section 3.6.4.), and

hence, are signais with the high frequency components filtered out. Thus, the EMG power

spectrum influenced by cross-talk will have an enhanced contribution of power in the low

frequency range. This has been demonstrated experimentally in the canine diaphragm under

control conditions (where the intercostals were contaminating the diaphragm signal), in

comparison to conditions under spinal anesthesia, which abolished ail non-diaphragm related

EMG activity (Sinderby et al, 1994). The results showed an increase in CF values by up to 100

Hz from before to after spinal anesthesia, while CV remained constant. The increase in CF

values following spinal anesthesia was mainly due to a reduction in low-frequency power

(originally due to the low-frequency cross-talk signais from the abdominal, intercostal, and
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other chest wall muscles) (Figure 3.11.).

Under conditions where anesthesia of "cross-talk" muscles is not appropriate, the

influence of cross-talk can be reduced by altering the specificity of the (bipolar) electrodes,

namely by changing their size (Ekstedt & Stâlberg, 1973; Gath & Stâlberg, 1976), or the

interelectrode distance (Koh & Grabiner, 1992; Zipp, 1982; Lynn et al, 1978). Other electrode

arrangements have been proposed to reduce the influence of cross-talk $uch as the double

differential technique (Broman et al, 1985; De Luca c.;. :.Ierletti, 1988; Koh & Grabiner, 1992;

Koh & Grabiner, 1993; Reucher et al, 1987b), and the branched electrode technique (Gydikov

et al, 1984; Koh & Grabiner, 1993).

With respect to esophageal recordings of the diaphragm electromyogram, there are no

reports indicating that cross-talk from other muscles (besides the esophagus) influences the

signal. Anatomically, the gastroesophageal junction is located in a region which is unlikely to

receive cross-talk signais from other muscles (Petit et al, 1960).

3.7.4. Muscle temperature

Muscle temperature increases during exercise, and was reported to be due to the

increase in blood flow to the muscle (Clarke et al, 1958; Humphreys & Und, 1963), and to

metabolic heat production (Edwards et al, 1975). Il has been determined that the CV of a nerve

action potential slows by 4% for each 4·C fa Il in temperature (Cummins & Dorfman, 1981). The

propagation velocity of the muscle fiber action potential is also highly dependent on muscle

temperature (Roberts, 1969), due to its dependence on the excitability of the muscle fiber

membrane. Fink and Luttgau (1976) have shown that the membrane potential in skeletal

muscle depends to a large extent on muscle temperature, just as is predicted for nerve fibers

by the Nernst equation (Ganong, 1991).

The influence of muscle temperature (1 0-40·C range) on the frequency content of the

EMG signal, and on CV has been described by a number of investigators (Bigland-Ritchie et

al, 1981; Gydikov & Kosarov, 1973; Hâkansson, 1956; Holewijn, 1991; Jarcho et al, 1954;

Merletti et al, 1984; Morimoto et al, 1980; Mucke & Heuer, 1989; Petrofsky &Und, 1979, 1980b;
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Stàlberg, 1966). CF/MF were fo~nd to increase when the muscle was heated (Mucke & Heuer,

1989; Petrofsky & Lind, 1980b), and to decrease with muscle coolir.g (Holewijn, 1991; Merletti

et al, 1984; Petrofsky & Lind, 1980b). The relationship between CF and temperature seems

to no longer hold true for temperatures greater than 35°C (Mucke & Heuer, 1989). An increase

in action potential duration was also reported (Petrofsky & Lind, 1980b) with muscle cooling,

and it v!as suggested that this is due to a reduction in CV. The reduction in CV due to muscle

cooling has been verified in vitro (Buchtal & Engbaek, 1963; Hàkansson, 1956; Jarcho et al,

1954).

3.7.5. Fatigue

The concept of muscle fatigue is complex, and includes both physiological and

psychological aspects. Edwards (1981) defined muscle fatigue as "the failure to maintain a

required or expected force". Muscle contraction is produced by a chain of events at different

levels of the nervous system, from the brain to the contractile proteins in the muscle cell, and

faUgue can thus originate from any of these levels. "Central fatigue" involves fatigue of any

level proximal to the neuromuscular junction, and has been attributed to such factors as lack

of motivation, damage to the centers for motor control, spinal cord and motor neurons.

"Peripheral fatigue" includes fatigue produced at the neuromuscular junction (neuromuscular

fatigue), at the sarcolemma, during excitation-contraction coupling, or in the contractile

mechanism of the muscle cell (Bigland-Ritchie, 1981).

Empirically, frequency analysis of the EMG signal during sustained contractions

reveals that the signal is altered long before the mechanical manifestations of fatigue are

evident. As early as 1912, Piper noticed that the properties of the EMG signal were altered

during a sustained muscular contraction, and described a "slowing" of the signais when the

musclewas close to failing during an endurance test. With the advent of computertechnology,

it became possible to scrutinize the effects of localized muscle fatigue on the EMG signal, by

observing how the power spectrum of the signal is altered. The effect of localized muscle

fatigue on the EMG powerspectrum is characterized by (1) a loss ofhigh frequency power, and
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2) an increase in low frequency power. These events have been referred to as a "spectral shift"

to lower frequencies, or a "spectral compression" (Merletti et al, 1992). Numerous investiga­

tors have observed a spectral shift during sustained contractions in limb muscles (Arendt­

Nielsen et al, 1984; Arendt-Nielsen & Mills, 1985; Bigland-Ritchie et al, 1981; Broman et al,

1985; Gath &Stâlberg, 1975; Hagberg &Ericson, 1982; Hakkinen &Komi, 1983; Kadefors et

al, 1968; Kaiser & Pétersen, 1963; Kogi & Hakamada, 1962; Lindstrëm et al, 1974, 1977;

Petrofsky &Lind, 1980b; Sadoyama &Miyano, 1981; Sato, 1965; Stulel" &De Luca, 1981), and

in the diaphragm (Gross et al, 1979; Bellemare & Grassino, 1982).

Ali mathematical formulas proposed by Lindstrëm (1970) to model the EMG power

spectrum contain a Iinear relationship between the angular velocity (or 21t times frequency) ar,d

CV, stating that any change in CV must be accompanied by a shift of the power spectrum along

the frequency axis, and a concomitant change in the frequency parameters such as CF and

MF (Lindstrëm, 1970). Hence, based on mathematical theory, it is accepted that the

occurrence of spectral shifts to lower frequencies is due to a reduction in CV. As early as 1970,

Undstrëm suggested that the reduction in CV is due to a "Iocalized ischemic muscle fatigue",

which alters the metabolic and thermal properties of the muscle cell, and hence affects the

excitability of the muscle fiber membrane, and its CV.

Experimentally, investigators have shown a decrease in CV during sustained contrac­

tions by using the so-called "dip technique" (Lindstrëm et al, 1970; Broman, 1977; Sinderby,

unpublished obsevations), and by measuring the time delay between two simultaneously

measured signais (Arendt-Nielsen et al, 1984; Arendt-Nielsen & Mills, 1985; Brody et al, 1991;

Eberstein & Beattie, 1985; Sadoyama & Miyano, 1981; Sinderby etai, 1994). With respect to

frequency parameters, a reduction in both CF (Alfonsi et al, 1991; Béliveau et al, 1991; Kërner

et al, 1984; Lindstrëm et al, 1977; Lindstrëm & Magnusson, 1977; Petrofsky & Und, 1980b;

Naije & Zorn, 1981; Sadoyama & Miyano, 1981; Sinderby etai, 1994), and MF (DeLuca, 1984;

Stulen & De Luca, 1981; Vestergaard-Poulsen et al, 1992) has been observed during

sustained contractions. An example of the drop in CF (measured with an esophageal

electrode) observed during fatiguing contractions of the human diaphragm is presented in
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Figure 3.12.

A linear relationship between CV and CF/MF has been reported during fatiguing

contractions (Eberstein & Beattie, 1985; Arendt-Nielsen et al, 1984; Arendt-Nielsen & Mills,

1985; Roy et al, 1986; Sadoyama et al, 1983; Sinderby et al, 1994; Zwarts et al, 1987). Others

have demonstrated that the relationship does not exist (Naeje & Zorn, 1982) or is non-linear

(Yaar & Niles, 1992).

Again, one should consider that CV and the spectral shifts are very sensitive to errors

in methodology. Roy et al (1986) showed that the outcome of the correlation between CV and

MF (during fatigue) was directly dependent on the position of the electrodes with respect to the

innervation zone. Sinderby et al (1993b) demonstrated that the relationship between CF and

CV during fatigue disappears when interelectrode distances >10 mm are used.

A number ofexplanations have been proposed to account for the decrease in CV during

sustained contractions, and are more or less based on the idea that muscle perfusion is

reduced during contraction. Kërner et al (1984) demonstrated that intramuscular pressure is

a significant determinant of whether localized muscle fatigue will occur, due to the impaired

perfusion of the muscle during contraction. A decrease in muscle perfusion will not oniy result

in hypoxemia, and hence production of lactic acid via anaerobic metabolism, but will also

reduce the washout of various metabolites (such as hydrogen, sodium and potassium ions),

which could affect membrane excitability (Kahn & Monod, 1989) and CV.

It has been reported that reductions in CV and spectral shifts may be due to: (1) a

decrease in intracellular pH (Brody et al, 1991; Vestergaard-Poulsen et al, 1992), (2)

accumulation of lactic acid (Alfonsi et al, 1991; Horita & Ishiko, 1987; Mortimer et al, 1970;

Tesch et al, 1983), and (3) accumulation of metabolites such as sodium and potassium ions

(Bigland-Ritchie, 1979; Jones et al, 1979; Mills & Edwards, 1984). In vitro studies have

confirmed that CV is affected by both intracellular pH, and the extracellular concentration of

potassium (Juel, 1988). For an in depth review of the cellular mechanisms of muscle fatigue,

the reader is referred to the most recent work by Fitts (1994). In general, it is still not known

which specifie factors are the most responsible for the reduction of CV seen with fatigue.
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Figure 3.11. Example of the decrease in CF values of EMGdi (esophageal electrode)
observed during maximal effort resistive breathing (From Sinderby et al, 1993a).
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Other explanations, besides a reduction in CV, have been offered to explain the findings

of a spectral compression including, (1) synchronization (Agarwal & Gottlieb, 1975; Bigland­

Ritchie et al, 1981; Buchtal & Madsen, 1950; Chaffin, 1973; Fex & Krakau, 195:·7; Kadefors et

al, 1968; Kwantny et al, 1970; Lippold et al, 1960; Person & Kudina, 1968; Person & Mishin,

1964; Sato, 1965; Scherrer & Bourguignon, 1959; Blinowska et al, 1980; Jones & Lago, 1982;

Lago & Jones, 1977), (2) decrease in the mean firing rate (DeLuca, 1979; DeLuca, 1984;

Fuglsand-Frederiksen & Ronager, 1988; Gerdle et al, 1990; Yaar & Niles, 1992; Van Boxtel

& Schomaker, 1984), (3) recruitment and de·recruitment of motor units with different CVs

(Kadefors et al, 1968; Kondo, 1960; Merletti et al, 1992, Sadoyama & Miyano, 1981).

It should be mentioned that any investigator applying spectral parameters and/or CV

values as indicators of local muscle fatigue should be aware of ail the factors which can

influence the EMG signal (Sections 3.6. and 3.7.). It cannot be emphasized enough that in

order to determine the cause of the spectral shift, the factors affecting the spectrum must be

taken into account before any physiological interpretations can be made.
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CHAPTER4

THE DlAPHRAGM

This chapter provides the background which is relevant to the methodology used in this

thesis. As the focus of this thesis is mainly the study of the electromyogram of the diaphragm

(EMGdi), a detailed description of the other respiratory muscles, their mechanics, and

interaction is not provided, however, the reader is referred to several recent works for a

complete review (De Troyer, 1991; De Troyer & Estenne, 1988; De Troyer & Loring, 1986;

Rochester, 1992).

The diaphragm is the principle muscle of inspiration. It is functionally a skeletal muscle,

but is unique from most other skeletal muscles in that it contracts rhythmically throughout an

individual's Iife (Derenne et al, 1978). The diaphragm is also different from most skeletal

muscles in that it can either contract voluntarily, or it can be automatically driven by the lower

respiratory centers (Derenne et al, 1978; De Troyer et al, 1983). In addition, it has been

demonstrated that the diaphragm has other functions which are not related to respiration

including, the maintenance of posture (Sinderby, 1991), defecation, and parturition (Grassino

et al, 1991).

4.1. FUNCTIONAL ANATOMY OF THE DIAPHRAGM

The diaphragm separates the thoracic and abdominal cavities, its convex upper aspect

facing the thorax, and its concave inferior surface directed towards the abdomen (De Troyer,

1991) (Figure 4.1., top panel). The periphery of the diaphragm consists of muscle fibers

attached to the various bony structures of the rib cage and the spine, which converge into a

tendinous sheet, the central tendon. While the diaphragm was originally considered to

contract as a single unit (Sant'Ambrogio et al, 1963), more recent studies have suggested that

the diaphragm can be regarded as two separate muscles, the costal portion and the crural

portion (Roussos &Macklem, 1982), based on different segmental innervations (Lardau et al,

1962), different actions (De Troyer et al, 1981), and different embryological origins (Langman,
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Figure 4.1. Top: Functional anatomy of the diaphragm. Note the orientation of the costal
diaphragmatic fibers (inset). Bottom: Appositional component of diaphragm action. De­
scent of the diaphragmatic dome during inspiration (open arrow) causes an increase in
abdominal pressure that is transmitted through the apposed diaphragm to expand the
lower rib cage (bold arrows). (From De Troyer & Estenne, 1988).
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1978).

Anatomically, the muscle fibers of the diaphragm can be divided into three main

components - sternal, costal, and lumbar (or crural). The sternal portion arises from the back

of the xiphoid process of the sternum (Figure 4.2.). The costal portion has its origin from the

internai surfaces of the lower six ribs (Figure 4.1., top panel). The costal fibers run cranially,

and are apposed directly to the inner aspect of the lower rib cage. The crural fibers arise from

the ventrolateral aspects of the first three lumbar vertebrae on the right side, and from the first

Iwo lumbar vertebrae on the left (see Section 4.2. for a more detailed description of the crural

diaphragm anatomy).

Functionally, the diaphragm can be considered as an elliptical cylinder capped by a

dome (De Troyer, 1991; Oe Troyer & Estenne, 1988; De Troyer & Loring, 1986). The dome

of the diaphragm is mainly composed of the central tendon while the cylindrical portion

corresponds to the portion of the costal fibers which are directly apposed to the rib cage (Figure

4.1., top panel), and constitutes the so-called "zone of apposition" (Mead, 1979; Mead &

Loring, 1982). With an increasa in tension and shortening of the muscle fibers in the zone of

apposition, the axiallength of this area is reduced and the dome of the diaphragm descends

relative to its costal insertions. The size and shape of the diaphragmatic dome, however,

remain relatively constant during inspiration. Thus, the most prominent change in diaphrag­

matic shape is a piston-Iike axial displacement of the dome related to the shortening of the

apposed muscle fibers (Mead & Loring, 1982).

During inspiration, the diaphragm contracts and exerts a force on the central tendon

such that the dome of the diaphragm descends. This causes an expansion of the thoracic

cavity and displaces the abdominal contents caudally. Thus, contraction of the diaphragm

results in a fall in pleural pressure and an increase in lung volume (if the airways are open),

and at the same time produces an increase in abdominal pressure which results in an outward

motion of the abdominal wall (Figure 4.1., bottom panel).

Contraction of the diaphragm has three main actions on the rib cage: (1) Du:ing

inspiration, the section of the rib cage above the area of apposition is influenced by the
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Figure 4,2. Illustration of the sternal insertion of the diaphragm. (From De Troyer &
Estenne, 1988)
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negative pleural pressure, which has an expir<ltory effect on the upper rib cage (Mortola &

Sant'Ambrogio, 1978). (2) The lower rib cage in the area of apposition is exposed to the

positive abdominal pressure, which expands the lower rib cage (appositional force) (De Troyer

et al, 1982). (3) The diaphragm also exerts a direct force at the site of its insertions onto the

lower six ribs (insertional force) (De Troyer et al, 1982), lifting the lower rib cage upwards and

outwards (bucket handle motion). Because the crural diaphragm lacks attachments to the rib

cage, the insertional force only applies to the costal portion of the diaphragm (De Troyer,

1991). Contraction of the crural portion of the diaphragm results in descent of the diaphrag­

matie dome, and hence contributes to the expiratory effect of the negative intra-pleural

pressure and to the inspiratory effect of abdominal pressure Le. the appositional force (De

Troyer, 1991). The net action of the d:aphragm on the rib cage therefore depends on the

balance between the insertional and appositional forces that tend to expand the rib cage, and

the expiratory action produced by the decrease in pleural pressure (Loring & Mead, 1982).

4.2. ANATOMY OF THE ESOPHAGEAL HIATUS IN RELATION TO THE CRURAL DlA­

PHRAGM

The complexities associated with esophageal recordings of EMGdi lie in the compli­

cated anatomy of the crural diaphragm, and the surrounding esophageal structures. For this

reason, the following description of the anatomy of the esophageal hiatus in relation to the

crural diaphragm is provided.

The esophageal hiatus of the diaphragm is a muscular tunnel approximately 2-3 cm

long, Iying at the level of the tenth thoracic vertebra (Edwards, 1961; Skin!1er, 1972; Testut,

1921). The tunnel causes the esophagus to be oblique and oval in shape, and to angle slightly

to the left and anteriorly as it passes through the diaphragm. Within the hiatus, the

phrenoesophageal membrane anchors the esophagus to the diaphragm (Carey & Hollinshead,

1955). It has been noticed that the muscle libers of the crural diaphragm bounding the

esophageal opening, are more tightly applied to the esophagus on the right side than on the

left side (Shehata , 1966). A narrow gap (2 to 3 mm) exists on the left side of the esophagus
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between it and the Jess tightly applied crus.

As mentioned in the previous section (Section 4.1.), the muscles of the crural portion

of the diaphi39m arise posteriorly from th~ .ateral aspects of the first three lumbar vertebrae

on the right side, and from the first two lumbar vertebrae on the lef!. The muscles originating

from the lumbar vertebrae form two distinct muscle bundles, the right and the left crura (Carey

& Holiinshead, 1955), whose fiber direction is initialiy vertical (or ceph!=llad), and then becomes

more horizontal as the muscles pass anterioriy towards the central tendon.

From theïr origin, the right and left crura pass superiorly and medialiy past either side

of the aorta, to form the margins of the esophageal hiatus (Figure 4.3.). With respect to the

arrangement of the left and right crura in forming the hiatus, a variety of anatomie variations

exist (Botros et al, 1990; Coliis et al, 1954; Listerud et al, 1961; Pataro et al, 1961). In the most

common pattern, the right crus divides into two unequal portions (a thic!< right and a thin left

portion), to make up the margins of the hiatus (Figure 4.3., type A). The left portion of the right

crus passes caudaliy across the left crus around the esophageal opening, and the right crus

passes around the right side of the esophagus. However, this most frequent pattern has been

reported to be present in only about 46% (Collis et al, 1954),41 % (Pataro et al, 19131), and 62%

(Botros et al, 1990) of cadavers examined. In 10% of cadavers studied, both crura (Ieft and

right) provided equal contributions to the hiatus (Botros, 1990) (Figure 4.3., type B). The left

crus can be dominant in 2% of cases (Botros et al, 1990). A common variation has been

described in which a band of muscle from the left crus passes to the right side of thé hiatus,

and is commonly referred to as the muscle of Low (Low, 1907).

Regardless of the arrangement of the crus muscles around the esophagus, they usually

continua as a band approximately 3-4 cm wide around the hiatus before inserting into the

central tendon. Computed tomography scanning has revealed that the right crus is generally

longerand thicker than the left, and that the thickness of both the right and the left crus (in cross

section) is variable with respiration (Williamson et al, 1987). It has also been demonstrated

that the thickness of the crural diaphragm, as measured by computerized tomography, does

not change with age in the adult life (Ca~,k~y et al, 1989).
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4.3. EVALUATION OF DIAPHRAGMATIC AND CHE5T WALL CONFIGURATION SV THE

METHOD OF KONNOAND MEAD

The purpose of this study was to determine the effect of diaphragm configuration on

EMGdi. In this work, diaphragm configuration was evaluated by the configuration of the chest

wall.

The chestwall can be considered to consist ofthe rib cage (RC) and the abdomen (AB),

separated by the diaphragm (De Troyer, 1991). Numerous models have been applied to study

the mechanics of the chest wall (Campbell, 1958; Konno & Mead, 1967; Macklem et al, 1978;

Newman et al, 1984; Rahn et al, 1946). In the present study, the method of Konno and Mead

(1967) was chosen, and will thus be the focus of this discussion.

4.3.1. Konno and Mead diagram

Konno and Mead (1967) hypothesized that the chest wall moves with two degrees of

freedom, and that changes in lung volume can be accommodated by displacing the RC and!

or the AB. 5ince the diaphragm is a common wall for the AB and the RC, its own configuration

(shape and radii of curvature) is set by the relative configurations of each of these compart­

ments (Grassino et al, 1978).

Chest wall configuration and hence, diaphragm configuration, may be described in

terms of RC and AB antero-posterior diameters, or in terms of their cross-sectional areas

(CSA). The CSA of the RC and the AB can be measured by Respiratory Inductance

Plethysmography via Respitrace® bands (Sackner et al, 1980). The transducers of the

Respitrace® bands consist of coils ofTeflon-insulated wire situated in a zig-zag pattern within

an elastic band. One band is placed around the RC at the level of the sternum, whereas the

other band is placed around the AB midway between the lower ribs and the iliac crest. The

self-inductance of the coil is proportional to the CSA enclosed by the coil. Hence, a relative

change in RC and AB CSA can be measured by the changes in self-inductance of the coils in

each of the bands. The method of Konno and Mead involves the expression of chest wall
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configuration by plotting RC CSA (y axis) versus AB CSA (x axis), as measured by the

Respitrace® bands (Figure 4.4.).

4.3.2. Unique points on the Konno and Mead rjiagram

Each combination of RC and AB CSA (i.e. each point on the Konno and Mead diagram)

represents a unique chest wall configuration and therefore, represents a unique diaphragm

configuration (Figure 4.4.). The points indicated TLC, FRC, and RV represent the RC and AB

CSAs obtained when these lung volumes were held by relaxing against a closed airway. The

points that are in between represent intermediary lung volumes, and their respective CSA

dimensions.

At a given lung volume, the Konno and Mead diagram may be used to infer changes in

diaphragm length. For example, at FRC (point a, Figure 4.4.) with the muscles relaxed, the

diaphragm has a particular length and configuration. Compression of the abdomen against

a closed glottis ("belly-in maneuvre") results in a decrease in AB CSA (Ieftward movement in

the Konno and Mead diagram). This inward displacement of the AB results in an increase in

abdominal pressure which is transmitted to the undersurface of the diaphragm, hence

lengthening it, and altering its shape. This causes an outward displacement of the RC, and

hence an increase in RC CSA (upward movement on the Konno and Mead diagram) (see point

b, Figure 4.4.).

The Konno and Mead diagram was used in the present study to qualitatively determine

changes in the configuration of the diaphragm. With practice, a well-trained subject who views

the Konno and Mead display can proceed to a particular point in the diagram, "relax" his

diaphragm at that point (against a closed glottis), and produce an inspiratory effort without

departing from that point. This thesis presents data obtained during such static maneouvers.

ln order to standardize, or "calibrate" the different configurations, the relaxation curve and

isovolume maneouvres were repeated throughout the test (see below).

4.3.3. The relaxation curve
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To obtain the relaxation characteristics, or relaxation curve, of the chest wall, subjects

usually perform a slow deflation from totallung capacity (TLC) to functional residual capacity

(FRC), through pursed lips. To obtain the relaxation curve of the chest wall below FRC, the

subject expires actively to residual volume (RV), and lets his muscles passively relax from RV

to FRC. The relaxed chest wall can then be represented in terms of the unique cross sectional

areas of the RC and the AB (Figure 4.4.), for aillung volumes. The displacements of the RC

and AB during quiet breathing in the upright posture generally occur on or close to the

relaxation curve (Grassino et al, 1991).

4.3.4. The isovolume line

Konno and Mead observed thal at a given lung volume (iso-volume), and with a fixed

posture, itwas still possible to change the configuration of the chest wall. At a constant volume

and with a closed glottis, inward displacement of the AB (the belly-in maneuvre) results in an

outward displacement oflhe RC (see above). When during such "iso-volume" maneuvers, the

CSA of the RC is measured, and displayed on the y axis of an oscilloscope against the CSA

of the AB on the x axis, there are reciprocal changes which result in a negatively sloped line,

the iso-volume line (Figure 4.4.). If these iso-volume maneuvers are repeated at different lung

volumes, further lines are produced, and are parallel to each ot.her. Ali points along an

isovolume line represent the different configurations that the chest wall can have at that

particular lung volume.

4.4. ELECTROMYOGRAPHY OF THE DIAPHRAGM IN HUMANS

The electromyogram of the diaphragm in humans can be recorded via needle elec­

trodes (Bolton et al, 1992; Goodgold, 1984; Koepke et al, 1958; Koepke, 1960; Newsom Davis,

1967; Saadeh et al, 1987; Taylor, 1960), skin surface electrodes on the lower rib cage (Aldrich

et al, 1983; Banzett et al, 1981; Gross et al, 1979; Tusiewicz et al, 1977), and esophageal

electrodes (Bellemare & Grassino, 1982; Gross et al, 1979; Schweitzer et al, 1979).

The simplest and most non-invasive manner in which to record the electrical activity of
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the diaphragm in humans, is to use skin surface electrodes placed on the chest. It is customary

to obtain EMGdi from the 6th, 7th, 8th, or 9th intercostal space, or. or between the mid-axillary

and mid-clavicular lines (Aldrich et al, 1983; Banzett et al, 1981; Cohen et al, 1982; Gross et

al, 1979; Tusiewicz et al, 1977). This permits recording of the costal and sternal regions of the

diaphragm, but activity from other respiratory and postural muscles can interfere with the

signais recorded from the diaphragm. Various studies have shown tha! the amplitude of the

EMGdi, as recorded with surface electrodes, is dependent on electrode positioning (Lansing

& Savelle, 1989).

ln the past, and again most recently, needle electromyography of the human diaphragm

has been described (Bolton et al, 1992; Bolton, 1993; Draper; 1957; Goodgold, 1984; Saadeh,

et al 1987). ln the method reported by Goodgold (1984), the needle is inserted into the

diaphragm at the xiphoid process; in that described by Saadeh et al (1987), the needle was

inserted more laterally under the costal margin. In both cases, the needlewas inserted through

the thick abdominal wall and angulated upward under the costal margin, and thus ,-equired an

unusually long needle as weil as manual compression of the :;bdominal viscera. Solton et al

(1992), had difficulties in locating the diaphragm with these methods, and described a method

which was simpler, and safer. It consists of introducing the needle electrode through any

interspaces between the anterior axillary and medial clavicular lines. The needle is inserted

just above the costal margin, where there is an approximately 1.5 cm distance between the

pleura at the lower costal cartilage upon which the diaphragm inserts. Thus, the needle does

not traverse either the pleural space or the lung. Although considered as a viable technique,

needle electromyography of the diaphragm is unpleasant, the needles can be displaced by

large tidal volumes, abdominal viscera such as the liver may be punctured, and action

potentials can be excited through damage to the muscle (Lourenço & Mueller, 1967).

Therefcre, the technique has not gained widespread use.

Esophageal electrodes have been used to record the EMGdi in humans for over three

decades (Agoetini et al, 1960; Bellemare & Grassino, 1982; Cohen et al, 1982; Gross et al,

1979; Schweitzeretai, 19ï9). In general, electrodes are mounted onto a catheterwhich is then
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passed through the nose, swallowed into the esophagus, and positioned at the level of the

esophageal hiatus. Past studies have implied that the electrical activity recorded with

esophageal electrodes is mainly from the crural portion orthe diaphragm (Agostoni et al, 1960;

Delhez & Petit, 1966; Draper, 1959; Lourenço & Mueller, 1967; Petit et al, 1960).

Until the early 1980's, the electrodes usually consisted of one pair of electrodes, with

an interelectrode distance of20 mm mounted on a catheter (Agostini et al, 1960; Delhez, 1965;

Draper, 1957; Gross et al, 1979; Lourenco & Mueller, 1967; Petit et al, 1960). Other

interelectrode distances have also been used (Aldrich et al, 1983; Schweitzer et al, 1979).

More recently, several investigators have designed multiple electrode arrays consisting of

three (Gandevia & McKenzie, 1986; Onal et al, 1979), five (Kim et al, 1978), and seven pairs

ofelectrodes (Daubenspeck et al, 1989), at various interelectrode distances. Onal et al (1981)

and Javaheri et al (1987) later designed a single gastro-esophageal catheter which couId

simultaneously measure EMGdi, and esophageal and gastric pressures. Esophageêl

electrodes are considered non-invasive, and as long as the cathetei i$ r31atively thin and

flexible, subjects and patients tolerate the electrode quite weil.

There are no reports in the literature comparing the reliability of the three different

EMGdi recording techniques. It is difficult to compare the use of needle electrodes with surface

or esophageal recordings of EMGdi, mainly because the former record specific information

about the activity of individual motor units within the pick-up area of the electrodes, whereas

the latter record the electrical activity of the diaphragm more "globally". Onlya few studies exist

which compare surface electrodes to esophageal electrodes during voluntary activity of the

diaphragm (Gross et al, 1979; Repko et al, 1989; Sharp et al, 1993). Repko et al (1989)

simultaneously measured the EMGdi center frequency (CF) values with surface electrodes

and esophageal electrodes during inspiratory resistive loading. They observed differences in

lerms of the frequency shift of lhe EMGdi power speclrum and reported that, for some eleclrode

pairs on the surface of the chesl, frequency shifts were not seen, yet were clearly present in

the recordings from other surface electrode pairs, as weil as from the signais obtained with the

esophageal electrode. With respect to the detection of fatigue, these authors suggested that
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"there is a serious disadvantage to using only chest surface electrodes instead of esophageal

electrodes". Sharp et al (1993) evaluéi::;::! [ne EMGdi CF values in quadriplegic patients with

both surface electrodes, and esophageal electrodes. These patients were selected in order

to exclude EMG contamination of surface recordings by intercostal muscle activity. Lower CF

values were consistently observed from the surface recordings than the esophageal record­

ings. The authors proposed that the major factor accounting for the differences in frequency

content between esophageal and surface recordings of the EMGdi is the low-pass filtering

effect ofchest wall tissues. In agreementwith Repko et al (1989), they concluded that "'horacic

surface recordings ofEMGdi do not accurately reflect frequency information" of the diaphragm,

and hence, are not recommended for the detection of diaphragmatic fatigue.

4.4.1. Factors which influence esophageal recordings of EMGdi

ln addition to ail the factors described in Chapter 3, Sections 3.6. and 3.7. which can

influence the EMG signal and its power spectrum, the EMGdi in humans obtained with

esophageal electrodes is under the influence of various other factors including the electrocar­

diogram (ECG), the electrical activity associated with esophageal peristalsis, and electrode

motion artifacts.

(i) The electrocardiogram

Due to the proximity of the esophageal electrode to the heart, the EMGdi is contami­

nated by the unavoidable presence of a large and variable ECG signal. Compared to the

EMGdi, the ECG represents a high-power, but low-frequency signal. The power spectrum of

the ECG signal overlaps that of the EMGdi, as seen in Figure 4.5., which demonstrates EMGdi

power spectrums (and CF values) obtained for the ECG (dashed-dotted line), and the

diaphragm (solid line).

The interfering ECG needs to be reduced, or preferably removed before quantitative

analysis of the EMGdi is possible. Over the years, several methods have been proposed to

liolve this problem. According to Evanich et al (1976), to remove a portion ofa large ECG, one
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can clip a portion of the signe, above a given voltage level (Lourenço & Mueller, 1967). In the

past, this was considered adequate only when the amplitude of the EMGdi does not exceed

that of the ECG. One objection to the use of clipping techniques relates to the factthat when

the ECG signal is truncated to something approaching a square wave, new harmonies may be

introduced, and will affect the distribution of power of the signal (Schweitzer et al, 1979). To

remove more of the ECG signal, it has been suggested that one should filter the ECG from the

EMGdi (Evanich et al, 1976). Schweitzer et al (1979) has demonstrated that a high-pass filter

of 50-60 Hz is required before the power of the ECG signal can be filtered out completely.

However, a significant amount of power related to the EMGdi power spectrum is located in this

frequency range, and the information pertaining to the EMGdi will be lost. Thus, high-pass

filtering is not recommended as a method to eliminate the influence of the ECG on EMGdi.

Sharp et al (1993) have suggested that manually gating out and replacing the ECG signal by

zeros is an adequate method to eliminate the ECG. However, such manual gating remains a

tedious exercise. Most recenlly, Sinderby et al (1993) have proposed automatic computer

algorithms to eliminate the ECG from the EMGdi. This software automatically selects EMGdi

samples as a percentage of the ECG's R-R interval. This ensures that when the heart rate

changes, as in cases of increases in lung volume or under conditions of inspiratory resistive

breathing, that EMGdi sample selection can remain flexible, and automatic.

(ii) Esophageal peristalsis

Esophageal peristalsis is an involuntary contraction of the smooth muscle of the

esophagus. The electrical activity emitted by the lower part of the esophagus (EMGeso)

consists of repetitive spike-bursts that are high in amplitude and !ow in frequency (Tokita et

al, 1970). The presence of EMGeso will therefore influence the power spectrum of the EMGdi,

and its associated spectral estimates. An EMGeso power spectrum is plotted in Figure 4.5.

(dashed line) along with the spectrum from EMGdi. The influence of EMGeso can be

determined by evaluating the shape of the EMGdi powerspectrum (Sinderby etal, 1993), since

it contributes a large amount of power in the low frequency region.
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(iii) Motion artifacts

Motion artifacts occur at the electrode-tissue interface and are due to the relative

movement of the electrode and the tissues (Basmajian & De Luca, 1985). Esophageal

electrodes are Iikely to move during respiratory maneouvres (even if they are fixed externally

at the nose), particularly during exercise or under conditions of loaded breathing. Motion

artifacts of this sort are low-frequency and high-power, and hence will contribute a significant

amount of power to the low frequency range of the power spectrum. The frequency of these

motion artifacts has been described to be below 20 Hz (Schweitzer et al, 1979). CF values of

EMGdi will thus be underestimated when motion artifacts are present in the signal. The

influence of motion artifacts can be eliminated either by high-pass filtering the signal, or by

replacing the low frequency slope of the power spectrum by a prediction line (Sinderby et al,

1993).

(iv) Distance filtering

Another particular problem associated with using esophageal electrodes is that the

distance between the electrodes and the diaphragm may be altered with displacement of the

diaphragm during respiratory maneouvers. As described in Section 3.4.5. (and in Figure 3.4.),

the distance dependent filter acts as a low-pass filte;, such that the high-frequency compo­

nents ofthe signal are lost, and the total power of the signal is reduced (Lindstrëm & Pétersen,

1983). This filter is very powerful, and displacements of only a few mm from the muscle will

affect the recorded signal. Several investigators have observed the effect of the distance filter

on the EMGdi (in terms of total power), as recorded with esophageal electrodes (Daubenspeck

et al, 1989; Fischer & Mittal, 1990; Gandevia & McKenzie, 1986; Grassino et al, 1976; Kim et

al,1978).

Ta minimize the distance filtering effect, one approach was ta anchorthe electrodes at

the gastro-esophageal junction by inflating, in the stomach, a balloon located at the end of the

electrode (Delhez & Petit, 1966; Grassino et al, 1976; Kim et al, 1978; Taylor, 1960). Any
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movement of the crural part of the diaphragm would be followed by the electrodes, thus

maintaining a constant relationship between the diaphragm position and the electrodes. In

order to anchor the balloon securely, a counter weight must be applied at the nose.

It is questionable if balJoon stabilization is sufficient to control for the distance

dependent filtering effect. The lower esophageal sphincter has been shown to move

independently of respiratory maneouvers during swallowing or esophageal peristalsis (Clark

et al, 1970; Johnson, 1968; Winans, 1972), suggesting that balloon stabilization does not

necessarily guarantee a fixed position with respect to the diaphragm at ail times. Onal et al

(1979) stated that the existence of high intraluminal pressures at the gastroesophageal

junction (Winans, 1972) suggest that anchoring of the esophageal electrodes in man is

unnecessary, because this high pressure should prevent significant disp!acement of a thin

indwelling catheter. They found no differences in EMGdi obtained with and without balloon

stabilization during CO
2

rebreathing, and concluded that "the use of a stabilizing gastric

balloon at best offers no advantage over securing the catheter at the nose once the site of

maximum activity is determined" (along their three electrode pairs).

4.4.2. The effect of lung volume and chest wall configuration

It has also been suggested that lung volume and chest wall configuration can alter the

EMGdi (Bellemare & Bigland-Ritchie, 1984; Bolton et al, 1992; Daubenspeck, 1989; Delhez

& Petit, 1966; Gandevia & McKenzie, 1986; Hubmayr et al, 1989; Mead, 1973; Schweitzer et

al, 1979; Swenson & Rubenstein, 1992; Taylor, 1960).

The amplitude of the diaphragm compound muscle action potential (CMAP), as

recorded by surface electrodes, has been shown to either increase (Bellemare & Bigland­

Ritchie, 1984; Bolton et al, 1992; Daubenspeck et al, 1989; Gandevia & McKenzie, 1986;

Hubmayr et al, 1989; Mead, 1973), decrease (Swenson & Rubenstien, 1992; Hubmayr et al,

1989), orremain unchanged (Gea et al, 1991)with increasing volume from FRC to TLC. These

conflicting results are most Iikely due to differences in the methods of phrenic nerve

stimulation, and due to the recording techniques, that is, differences in the size, spacing, and
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positions of the (active and reference) electrodes with respect to the diaphragm.

Esophageal recordings of the diaphragm CMAP have also been demonst;ated to be

influenced by lung volume (Daubenspeck et al, 1989; Delhez & Petit, 1966; Gandevia &

McKenzie, 1986; Mead, 1973). Mead (1973) demonstrated that when the phrenic nerves were

stimulated transcutaneously and bilaterally, they found systematic increases in the diaphragm

CMAP as sensed by the esophageal electrodes. This occurred both when lung volume was

increased and when, at a constant lung volume, the abdomen was expanded and the rib cage

simultaneously compressed. (But later, they realized that they had inconstant, submaximal

stimulation and that no evidence as to the reliability of the esophageal electrodes could be

deduced from the experiments). Gandevia & McKenzie (1986) similarly observed increases

in the area and amplitude of the diaphragm CMAP with increasing lung volume, and concluded

that esophageal recordings of diaphragmatic EMG are unreliable because, under condiiions

of constant "neüral drive" (Le. supramaximal phrenic nerve stimulation), the EMG signais

obtained were altered. Their balloon-stabilized electrode consisted of one single pair of

electrodes, placed 5 cm apart. Daubenspeck et al (1989) attempted to further minimize ihe

effect of lung volume on the EMGdi with a new approach. Their idea .vas to use a multiple

electrode array in order to minimize distance filtering effects which occur during diaphragmatic

excursion. In this study, the electrode was notanchored with a balloon, but was fixed externally

at the nose. These authors rectified and integrated the EMG signais from each of the (seven)

pairs of electrodas and summed up the values from each of the pairs to give an approximation

to the total activity over the span of the array. With this new approach, they found that lung

volume was only responsible for a relatively small increase in the evoked CMAP amplitude.

Lack of uniformity in recording and stimulation techniques has produced confusing and

unreliable results with respect to the effect of Jung volume on the diaphragm CMAP, whether

measured by surface or esophageal electrodes. Studies in animais have demonstrated that

the effect of lung volume on the diaphragm CMAP is highly dependent on the positioning of

the electrodes (Mead, 1973; Grassino et al, 1976; Kim et al, 1978; Lantzy et al, 1991).

Therefore, the studies performed in humans, particularly those using esophageal electrodes,
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should be interpreted with caution.

• With respect to voluntary contractions of the human diaphragm, the topic of this thesis,

few reports are available which have investigated the effect of lung volume and chest wall

configuration on the CF of EMGdi. Schweitzer et al (1979) demonstrated an increase in CF

by 20 Hz during the first two seconds of tidal breathing, which then remained at a plateau. He

attributed his findings to the progressive recruitment offibers with faster conduction velocities.

Weinberg et al (19:33) observed increasing CF values during a progressive inspiration, and

found these results to be due to a progressive reduction of low-frequency motion artifact

influence as the inspiration progressed.

Hence, a study examining the effect of lung volume and chest wall configuration on the

CF of the EMGdi during voluntary contractions is required, especially for the purpose of

determining whether or not esophageal recordings of EMGdi are reliable in the evaluation of

diaphragmatic fatigue. The next chapter describes the experimental work that was performed

in order to evaluate the effects of chest wall configuration on the CF of the EMGdi as obtained

• in human subjects during voluntary activity.

•
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CHAPTER 5

EXPERIMENTAL WORK:

EFFECTS OF CHEST WALL CONFIGURATION AND ELECTRODE POSITIONING ON

HUMAN DIAPHRAGMATIC EMG.

5.1. INTRODUCTION

ln humans, the diaphragm electromyogram (EMGdi) is often recorded by esophageal

electrodes positioned at the level of the gastro-esophagealjunction. Past studies have implied

that the electrical activity recorded is mainly from the crural portion of the diaphragm (Agostoni

et al, 1960; Petit et al, 1960; Dubois et al, 1963). Several investigators have observed that the

time and frequency domain measurements of EMGdi are influenced by lung volume and chest

wall configuration (Daubenspeck et al, 1989; Delhez & Petit, 1966; Gandevia & McKenzie,

1986; Schweitzer et al. 1979). These reports have introduced doubts conceming the reliability

of using esophageal electrodes as a diagnostic tool for diaphragmatic fatigue.

5.1.1. Voluntary activity and EMGdi

With respect to the frequency domain analysis of voluntary contractions of the human

diaphragm, Schweitzer et al (1979) reported that EMGdi center frequency (CF) values

increased during the first Iwo seconds of a tidal inspiration. Weinberg et al (1993)

demonstrated that the changes in CF values they observed during an inspiration to totallung

capacity (TLC) were related to motion artifacts and to insufficient signal to noise ratios. When

these variables were controlled for, the coefficient ofvariation of the changes in CF values with

lung volume was reduced from 40% to 10%. EMGdi signal quality is thus an important factor

to consider when interpreting the results from studies describing the effect of lung volume on

voluntary EMGdi. For example, esophageal recordings of EMGdi are subject to contamination

by the electrocardiogram (ECG), motion artifacts (Schweitzer et ai, 1979), noise (Arvidsson et

al, 1984), and esophageal peristalsis (Sinderby et al, 1993). These artifacts, however, can
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today be detected and excluded from the :::MGdi analysis by computer software (Sinderby et

al, 1993).

5.1.2. Electrically evoked EMGdi

With respect to studies involving electrically evoked EMGdi in humans, Gandevia &

McKenzie (1986) observed a systematic increase in the amplitude and area of the diaphragm

compound muscle action potential (CMAP) with increasing lung volume, following unilateral

supramaximal stimulation of the phrenic nerve. These authors concluded that esophageal

measurements of EMGdi are unreliable as an index of neural drive because, under conditions

of constant "drive" (sL:pramaximal stimulation), the EMGdi signais obtained were altered. They

suggested that one of the sources of the volume related artifact was the change in the distance

between the diaphragm and the electrodes. Later, Daubenspeck et al (1989) attempted to

minimize the effect of lung volume on EMGdi by using a multiple electrode array, which could

account for the axial displacement of the diaphragm with respect to the electrodes. In this

study, the area of the CMAPs recorded from seven pairs of electrodes were summed in order

to give an approximation of the total activity overthe span of the array. Their findings generally

agreed with those of Gandevia & McKenzie (1986), however the relationship between lung

volume and the area of the CMAPs was found to be quite modest.

5.1.3. The muscle-to-electrode distance filter (MEdist filter)

Increasing the muscle-to-electrode distance (MEdist) has been described both theo­

retically and experimentally, to influence EMG recordings (Lindstrëm, 1970; Gath & Stalberg,

1976; Gatl1 & Stalberg, 1978; Andreassen & Rosenflack, 1978; De la Barrera et al, 1994;

Fuglevand et al, 1992; Gydikov & Gatev, 1982). The effect of increasing the MEdist can be

compared to a low-pass filter, the eut-off frequency of which is inversely proportional ta the

observation distance (Lindstrëm, 1973). Hence, EMG signais abtained at increasing MEdist

will be reduced in amplitude and in frequency as the high frequency campanents are filtered

out. In the present paper, the effect of MEdist on the EMGdi signal will be referred ta as MEdist
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filtering.

It has been obs"!rved that increasing the distance between the diaphragm and the

esophageal electrodes influences the amplitude of the EMGdi signal (Fischer & Mitlal, 1990;

Daubenspeck et al, 1989; Gandevia & McKenzie, 1986; Onal et al, 1979; Kim et al, 1978;

Grassino et al, 1976), but no discussion was provided regarding the frequency charateristics

of the signal.

5.2. PURPOSE OF THE STUDY

The aims of the present studywere, 1) to evaluate the frequency domain characteristics

of the MEdist filter in the region of the crural diaphragm, and hence the effect ofMEdist fiitering

on the EMGdi CF values, by using a multiple array esophageal electrode. 2) To take

advantage of MEdist filtering in order to locate the position of the diaphragm with respect to

the multiple electrode array. 3) To quantify the effect of changes in chest wall configuration

and lung volume on the center frequency, while minimizing the effect of MEdist filtering and

while controlling for signal quality.

We were interested in studying voluntary contractions of the diaphragm (Le. the

diaphragm Interference pattern) in order to evaluate whether esophageal electrodes are

rsliable, for example, in measurements of CF for diaphragmatic fatigue.

5.3. METHOOS

5.3.1. Signal acquisition

EMGdi was measured via an array of eight stainless steel rings mounted on a Swan­

Ganz catheter, forming seven sequential electrode pairs with an inter-electrode distance of 10

mm, similarto that described by Daubenspeck et al (1989). A schematic representation of the

electrode is presented in Figure 5.1. The most caudal pair of rings was referred to as

"electrode pair 1", and the most cephalad pair of rings "electrode pair 7". A latex balloon was

located at the caudal end of the electrode and was inilated only at the beginning of the
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Figure 5.1. Schematic representation of the esophageal
electrode used in the present study
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experiment in order to position the electrode.

EMGdi signais from each of the seven pairs of rings were amplified (Burr-Brown,

INA101), high-pass filtered at 17 HZ and low-pass filtered at 500 Hz (Frequency Devices:

774BT-3, 740BT-3). Ali EMGdi signais were displayed and r.lonitored on a storage oscillo­

scope (Gould, ModeI1604). A two lead differential ECG was obtained fram electrodes placed

on the sternum, vertically, and 10 cm apart (Graphie Controls, FC24). The ECG signais were

amplified, high-pass filtered at 16 HZ and low-pass filtered at 32 HZ (TECA electromyograph,

Model TE 4, White Plains, N.Y.). The seven EMGdi signais and the ECG signalwere recorded

onto an eight channel analog magnetic tape (Hewlett-Packard Instrumentation Recorder,

3968A). The tape recorder was calibrated to ensure similar gains of adequate amplitude that

would not saturate for any recorded channel during an active TLC manoeuvre. Ali EMGdi and

ECG signais were acquired from the tape recorder and digitized by an ND converter (Data

translations 2801), with 12-bit resolution, at a sampling frequency of 1000 Hz.

5.3.2. Evaluation of chest wall configuration

Chest wall configuration was assessed throughout the experiment by the method of

Konno and Mead (1967) (Figure 5.2.). Two Respiratory Inductive Plethysmography bands

were used (Respitrace®, Ambulatory Monitoring, Inc. White Plains, N.Y.). The rib cage (Re)

band, was placed around the upper portion of the thorax, vertically centered over the nipples,

while the upper edge of the abdominal (AB) band was placed around the abdomen at the level

of the umbilicus. The RC signais were amplified and displayed on the vertical axis, and the

AB signais on the horizontal axis of a storage oscilloscope (Tektronix, 5103N).

5.3.3. Experimental protocol

Five normal male subjects were studied while seated in an uprightarm chair. Respitrace®

bands were positioned on the subjects and secured in place by tape. Subjects were trained

to perform iso-volume manoeuvres and relaxation curves with visual feedback from the

osciiloscope. Oncefamiliarwith the isovolume and relaxation manoeuvres, subjects practiced
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Figure 5.2. Konno & Mead diagram (y axis= rib cage displacement, x axis= abdominal

displacement) showing the seven unique chest wall configurations at which the subjects

performed the isometric contractions. Points FRC."" IC25%."" IC75%..... and TLC (solid

symbols), represent four lung volumes along the relaxation curve at FRC, 25% of IC. 75% of

IC, and TLC, respectively. Points FRC.... IC25%... and IC75%... (open symbols) represent

chest wall configurations at these same lung volumes when the diaphragm is lengthened by

a belly-in manoeuvre. It was not possible for subjects to accomplish a belly-in manoeuvre at

TLC. Note: points FRC... and FRC.", represent the same lung volume but represent different

chest wall configurations (as predicted by Konno and Mead). and hence. different diaphragm

configurations. and lengths.
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reaching defined points on the newly obtained Konno and Mead diagram (Figure 5.2.).

Following anesthesia (Lidocaine 1%) of the nasal mucosa, the esophageal electrode

was passed through the nose into the esophagus. When the electrode was positioned in the

stomach, a 5 cm long, 3 cm in circumference balloon was inflated and anchored at the gastro­

esophageal junction. Subjects were then instructed to perform an active total lung capacity

(TLC) manoeuvre at which point, the electrode was fixed securely at the nase. The balloon

was then deflated, and remained so until the end of the test.

With the esophageal electrode in place, subjects were asked ta perform a relaxation

curve from TLC to functional residual capacity (FRC) and a series of iso-volume manoeuvres

at FRC, 25% of inspiratory capacity (IC), at 75% of IC, and at TLC (Figure 5.2.). Ta ensure

that posture and the position of the Respitrace® bands remained constant, these manoeuvres

were repeated throughoLJt the experiment.

It was our interest ta examine static contractions of the diaphragm at four different lung

volumes along the relaxation curve, FRC on the relaxation curve (FRCRLX), 25% of IC on the

relaxation curve, (IC25%RLX)' 75% of IC on the relaxation curve (IC75%RLX)' and TLC on the

relaxation curve (TLC). Furthermore, we examined static contractions of the diaphragm at

three isovolume increases in diaphragmatic length, FRC with belly in (FRCB1N), 25% of IC with

belly:n (IC25%BIN)' and 75% of IC with belly in (IC75%BIN)' We arbitrarily decided thatthe belly­

in manoeuvres should be close to 75% of maximum inward AB displacement. It was not

possible ta accomplish a belly-in manoeuvre at TLC.

The seven pre-determined chest wall configurations that were evaluated are iIIustrated

in a Konno and Mead diagram in Figure 5.2. (For each subject, the Konno-Mead diagram was

drawn with a wax pencil on the screen of a storage oscilloscope). In order ta reach a pre­

determined point in the Konno and Mead diagram (marked on the oscilloscope), subjects

reconfigured their RC and AB with the glottïs open. With training, subjects were able ta reach

the designated points instantaneously, with a few minor adjustments ta the RC and/or AB

configurations ifnecessary. While keeping the beam of the scope at the target point, Le. while

maintaining a fixed RC and AB CSA, they performed a mild, non-fatiguing, inspiratory effort
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against c10sed aif"\vays. IJnder these conditions, the diaphragm was assumed to contract with

minimal shortening (quasi-isometric). Subjects held the voluntary contractions for approxi­

mately ten seconds, and the manoeuvres were repeated randomly, five times for each chest

wall configuration. EMGdi signais from ail contractions were evaluated for evidence offatigue,

and if fatigue was present, as detected by later spectral analysis, those signais were exc!uded

from the analysis. The experimental set-up is presented in Figure 5.3.

5.3.4. Signal analysis

To allow for objective analysis, EMGdi signais were automatically selected with

computer software which, based upon pre-determined criteria, made an evaluation of signal

quality (Sinderby et al, 1993a). A schematic representation of the computer algorithms is

presented in Figure 5.4.

This computer software automatically locates the QRS components from the ECG

signal and thus allows one to select EMGdi samples free of cardiac activity. The size of the

EMGdi segment is determined by the user and expressed as a percentage of the ECG's R-R

interval (Figure 5.4., Step 1). On average, the raw EMGdi samples in the present study ranged

from 250-300 ms in duration. According to Arvidsson et al (1984), EMG samples ofthis size

are acceptable for signal analysis. From the raw signal, the DC levels and trends are removed

by linear regression (Figure 5.4., Step 2). The first and last zero crossings of the time domain

EMGdi signal are then determined (Figure 5.4., Step 3). To fit the samples for a Fast-Fourier

transform of 1024 points, the tails of the EMGdi sample are padded (with the mean value of

the sample) from the first and last zero crossings (Figure 5.4., Step 4). The time domain EMGdi

sample is converted into the frequency domain by Fast-Fourier Transformation (Cooley &

Tukey, 1965) (Figure 5.4., Step 5), and the power spectrums are calculated. The power

spectrums obtained are then evaluated forvarious signal quality indices, namely, (1) the signal

to motion artifact (SM) ratio (Sinderby et al, 1993a), (2) the signal to noise (SN) ratio (Arvidsson

et al, 1984), (3) the drop in power of the spectrum (DP) ratio (Sinderby et al, 1993a), and (4)

a spectral deformation (W) ratio (Arvidsson et al, 1984). Only signais of fulfilling the pre-

94



Jv\N~\/VVV
2. Raw signal

..
Jlvvv\lvvv
3. Removal of trend
and signal tails from

l, Signa! somple selection the first and lost ze
_________1

5.
------... FFT

4. Zero-padding
of signal tails

6. Signal quality determination

DP ~ 30 dB

SN ~ 15d8

Bgure 5.4. Schematic representation of the computer algorithms
• used in the EMGdi analysis. See text for details.

95



•

•

•

determined standards were included in the analysis (see below).

(i) The signal to motion artifact ratio (SM): ln order to evaluate the influence of motion artifacts,

two assumptions must be made: al motion artifacts usually occur at frequencies below 20 Hz

(Schweitzer et al, 1979), and b) in terms of the power spectrum, the influence can be

considered linear From 2 to 20 Hz. The low frequency slope of the power spectrum can be

predicted by a straight line From 0 HZ (the OC level in logarithmic scaling) to the peak power

in the spectrum (see white dashed "prediction line" in power spectrum, Figure 5.4.). The SM

ratio is then obtair.ed by taking the power (area) of the entire spectrum, divided by the area

underthe spectral curvewhich fails above the prediciton line, forthe first20 Hzofthespectrum.

The SM is expressed in dB, and is sensitive to low frequency motion artifacts.

(ii) The signal to noise ratio (SN): Noise is hereby defined as disturbances which are high­

frequency in nature. Calculation of the SN ratio assumes that no EMGdi-related power occurs

in the upper 20% of the power spectrum (see hatched area in power spectrum of Figure 5.4.).

First, the power in the upper 20% of the spectrum is calculated. The total noise contribution

is predicted by integrating the upper 20% area for ail frequencies in the spectrum, and is

displayed in Figure 5.4. by the dotted and white areas below the spectrum. The SN ratio is then

obtained by dividing the area under the entire spectrum, by the area of the total noise. The

SN ratio is expressed in dB, and is sensitive to high frequency noise.

(iii) The drop in power ratio (OP): This ratio is obtained by dividing the highest power of the

spectrum (observed between 35 and 600 Hz), by the lowest power of the spectrum (within the

same frequency range). The drop in power is indicated by the verticalline in the spectrum of

Figure 5.4. The OP ratio is expressed in dB and is sensitive to reductions in "peaking" of the

power spectrum in the 35 to 600 Hz range, where most of the EMGdi power is located.

(iv) Spectral deformation index (12): As the name implies, this index is sensitive to changes

in the shape and symmetry of the power spectrum, and is derived mathematically by the

following formula:
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where M~, Ml' and Mo represent the spectral moments 01 order 2, 1and 0, respectively. Spectral

moments (M) 01 order n are obtained by:

f
Mn = L power' (Irequency)n,

o

where 1is the highest Irequency in the spectrum. The n ratio is expressed in relative units.

It has been determined that the lollowing combination of the above-described indices

allows for an error of CF values in the range of -5 to +1 0 Hz: SM>=12 dB, SN>=15 dB, DP>=30

dB, and n,<=1.4, and were the acceptance levels that were used in the present study.

The EMGdi signais obtained from ail static contractions were evaluated for quality

based on calculations of the above described indices. The computer software automatically

excludes any EMGdi segments that do not satisfy the pre-determined ratios, as described

above. Following evaluation of signal quality, an average power spectrum was calculated for

the five contractions performed at each of the chest wall configurations.

ln the present study, CF was chosen as the numeric value to characterize the power

spectrum. For signais that passed signal quality determination, CF was calculated as the

spectral moment of order one (M,) divided by that of order zero (Mo)' where the spectral

moments are calculated as above. Ali subjects' EMGdi signais from the seven pairs of

electrodes, and at each of the chest wall configurations were analyzed separately. At each of

the chest wall configurations, a mean CF value was calcuiated for the five contractions.

5.3.5. Determination of MEdist filtering and the position of the diaphragm with respect

to the multiple electrode array

The MEdist filter acts on the EMG signal as a low-pass filter, filtering out the high

frequency components of the spectrum. The rate of decrease in power in the high frequency

range is referred to as the high-frequency siope. With increasing distance away from the
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Power

Frequency

Figure 5.5. Schematic representation of the hypothesis
proposed in this study. According to signal theory, as
the muscle-to-electrode distance increases, the high
frequency components of the power spectrums are
filtered out.
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muscle, the rate of decrease of the high frequency slope of the power spectrum becomes

progressively steeper (Lindstr6m, 1973). Thus, with changes in MEdist, the rate of decrease

in power should be quantifiable for the EMGdi power spectrums obtained from the different

electrode pairs along the array. The model upon which this hypothesis is based is presented

in Figure 5.5.

Based on this theory, determination of the pair of electrodes closest to the diaphragm

was achieved by examining the power spectrums obtained simultaneously for ail electrode

pairs, and by selecting the power spectrum which is the least filtered by MEdis!. This was

allowed by successive comparison of power spectrums. In order to compare the rates of the

drop in power between two power spectrums (Le. the high frequency slope), the difference in

power between two spectrums was calculated (in dB) in the frequency range of 75 Hz to 150

Hz. This range was selected because it is weil below the cut-off frequency usually observed

for EMGdi recordings with esophageal electrodes which have an interelectrode distance of 10

mm. The slope of the difference in power between two spectrums was calculated by linear

regression analysis.

The comparison of power spectrums started at the most caudal pair of electrodes

(whose signais were of acceptable quality), and continued until the most cephalad pair of

electrodes (whose signais were ofacceptable quality). After the comparison between any two

power spectrums, the one with the lowest loss of high frequency power was passed on for

comparison with the power spectrum obtained from the next pair of electrodes, until ail

spectrums involved had been compared. The remaining power spectrum (Le. the one with the

lowest rate of drop in power), and the electrode pair it was obtained from, was assumed to

represent the electrode pair that was least affected by the MEdist filter, and thus was closest

to the diaphragm. From now on, this electrode pair will be referred to as the "optimal pair" of

electrodes.

5.4. RESULTS
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5.4.1. The effect of the MEdist filter on esophageal recordings of EMGdi

(i) The effect of MEdist filter on EMGdi amplitude

Simultaneous tracings of EMGdi signais from ail electrode pairs revealed that the

amplitude of the signal was higher at one specifie pair of electrodes, and progressively

decreased away from this pair of electrodes (Figure 5.6., left). Spectral analysis revealed that

the EMGdi obtained from this pair of electrodes was the one least filtered by distance, and was

thus the optimal pair of electrodes. As weil, the total power, or RMS (dB), of the EMGdi was

less for signais obtained from electrode pairs at increasing distances away from the optimal

pair. The decrease in RMS (in dB) from the optimal pair of electrodes is displayed in Figure

5.6., right. The reduction in total powerwas smallerfor electrode pairs adjacent to the optimal.

Signais obtained at electrode pairs 20 mm and more away from the optimal pair showed

progressively stronger reductions in total powerwith increasing distance. Recurrently, it was

observed that the power at the optimal pair of electrodes was actually slightly lower than that

of its neighbouring pairs.

(ii) The effect of MEdist filter on EMGdi power spectrums

The rate of decrease in power in the frequency range of 75 to 150 Hz was consistently

more pronounced the further away from the optimal pair the signais were recorded. An

example of this phenomena is illustrated in Figure 5.7., for subject #5, during a contraction at

FRCRLX• This graph shows the averaged power spectrum obtained from the optimal pair, and

the averaged power spectrums obtained from three electrode pairs of increasing distance

away from the optimal pair in the caudal direction (10, 20 and 30 mm away). The four power

spectrums are superimposed in order to display the reduction in total power, and the

progressive loss of high frequency power as the MEdist increases. The vertical Iines in the

main graph of Figure 5.7. indicate the frequency range where the MEdist filter function was

calculated (75 to 150 Hz). The upper right graph shows the same four powerspectrums blown­

up for this frequency range. The straight Iineswere obtained by Iinearregression analysis, and
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Figure 5.7. Main graph: Averaged EMGdi power spectrums (n=30) obtained simultaneously

at the optimal pair of electrodes (thick solid line), and from the three pairs of electrodes caudal

to the optimal, at 10 mm away (dotted line), 20 mm away (dashed line), and 30 mm away (dot­

dashed line). These average power spectrums contain approximately3 seconds ofinformation,

from one subject, performing a static contraction at FRC
IIU

• Note 1) the reduction in total power

of the spectrum, and 2) the steeper high frequency slope. as the distance increases away from

the optimal pair. The verticallines indicate the frequency range where the MEdist filterfunction

was calculated (75 Hz to 150 Hz). Right inset: This graph shows the same four power

spectrums blown-up for the frequency range of interest for the MEdist filter function. The

straight Iines were obtained by Iinear regression analysis, and demonstrate the rate of

decrease of the high frequency slope. Le. the rate of decrease in power as a function of

frequency. Note for the most distant pair of electrodes (30 mm away fram the optimal), that the

slope of the high frequency portion of the spectrum is the steepest.
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demonstrate the rate of decrease in power as a function of frequency, and their respective

intercepts. for signais obtained from the optimal pair and the pairs 10,20 and 30 mm away, in

the cat,;dal direction.

The MEdist filter was more pronounced at increasing distances away from the optimal

pair, and was different for signais obtained in the caudal and cephalad directions. In the caudal

direction, the MEdist filter (in the 75 to 150 Hz frequency range) was determined to be -2.3 (±

1.67), -4.62 (± 3.13), and -6.3 (± 2.94) dB/octave, for electrode pairs 10,20, and 30 mm away

from the optimal pair, respectively. The corresponding values for the cephalad direction were

determined to be -1.75 (± 1.68), -3.52 (± 1.64), and -4.17 (±2.26) dB/octave for electrode pairs

10, 20, and 30 mm away from the optimal pair, respectively. This is exemplified in Figure 5.8.,

which depicts the signais' power distribution between 30 and 300 Hz (top row) for ail electrode

pairs (solid lines) compared to the optimal pair, in this case electrode pair 4 (dotted line), for

the same subject and conditions as in Figure 5.7.

Below each power spectrum in Figure 5.8. (bottom row), is a representation of the

differences in power obtained from the studied and the optimal pair of eiectrodes. The

difference in powerwas calculated in dB for the frequency range of75 Hz to 150 Hz. To allow

quantification of the MEdist filter, the difference in pC'Ner at 75 Hz was adjusted to zero.

(iii) The effect of MEdist filter on CF values

As is expected from the above described MEdist filter, CF values decreased in ail

subjects with increasing distance away from the optimal pair, in both the caudal and cephalad

directions. Regardless of chest wall configuration, the rate of decrease in CF values, as

determined by linear regression analysis, on either side of the optimal pair of electrodes,

remained relatively unaltered. This is exemplified for one subject in Figure 5.9. showing CF

values (mean ± SO) obtained with increasing distance away from the optimal pair for ail

different chest wall configurations. For any chest wall configuration, across ail seven pairs of

electrodes, there was always one pair of electrodes forwhich CF was the highest. Inspection

of the power spectrums between 75-150 Hz confirmed that this was the optimal (Ieast distance-
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Figure 5.9. Each bargraph represents the CF values (mean ±SD) (yaxis) foreach ofthe seven

electrode pairs (xaxis), obtained during the isometriccontractions ateach ofthe differentchest
wall configurations, for subject #5. Note that at each chest wall configuration, across ail
electrode pairs, there was always one electrode pair where CF values were the highest.

Inspection of the power spectrums indicated that this electrode pair was the optimal pair, and

is marked in the respective graphs. CF values then decreased as a function of distance away

from the optimal pair of electrodes.
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filtered) pair of electrodes, and is marked in the re5pective graphs of Figure 5.9. For

contractions at each chest wall configuration, CF values progressively decreased at similar

rates depending on whether the caudal or cephalad directions were evaluated. However, the

rate of decrease in CF values in the caudal direction was steeper than that for the cephalad

direction.

The mean decrease in CF values with respect to the optimal pair, for the group of five

subjects at ail chest wall configurations, was 0.84% /mm (r=0.76) and 0.65% /mm (r=0.73), in

the caudal and cephalad directions, respectively, as shown in Figure 5.10. An important

observation in this study was that the quality of the EMGdi signal decreased as a function of

distance away from the optimal pair of electrodes. The rate of EMGdi signal exclusion due to

poor SM, SN, OP, and W ratios, was therefore much higher for electrode pairs located 30 mm

and more away from the optimal pair.

5.4.2. Change in optimal pair position with changes in chest wall configuration

The change in position (i.e. the number) of the optimal pair (in turn due to the change

in position of the diaphragm and/or the electrode), was evaluated for the different chest wall

configurations. No consistent pattern was observed for changes in optimal pair position with

changes in chest wall configuration.

5.4.3. Effect of chest wall configuration on EMGdi center frequency

The effect of changes in chest wall configuration on CF values obtained from the optimal

pair are plotted for each subject individually in Figure 5.11., and is presented numerically in

Table 5.1. The values presented are the mean CF values ± SO. Overall, there was no

consistent pattern between CF values and chest wall configuration. Oepending on the subject

studied, CF values could either increase, remain unchanged, or vary randomly, with changes

in chest wall configuration.

When the subjects are evaluated as a group, there was no effect of chest wall

configuration on mean CF values (Figure 5.12.). Along the relaxation curve, CF values
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TABLE 5.1.

TLC IC25%B1N IC75%B'N

Subjed# 1 58::7.8 64±7.5
' ....:..::,~-""""'.....-.-~....

65±9.5 73 ±9.1 70: 10.6 65: 15.2 ~..~:: .. :'~
'~.'~~a - ...

.~:-:.~;..::,,~~~-...~_.__ .',- ....

Subjed#2 96 ± 12.8 105 ± 11.1 118 ±6.5 105 ± 13.6 95±3.3 104±7.3 1oo±5.0

Subject#3 89 ± 10.3 96±92 93::9.0 112: 10.1 94±2.2 92±7.7 103± 11.0

Subject#4 105: 7.0 115: 8.0 110±9.6 108± 1.3 114:6.3 107±6.3 10H3.7

Subjed#5 115±7.3 108:7.7 114±11.4 112±9.6 102 ± 14.4 108± 13.0 120:9.3

Mean± 92.64: 97.69 : 99.70± 101.45 ± 94.07± 94.98± 106.48 :
95% CI 26.6 24.3 19.9 21.9 22.4 22.8 11.36
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increased on average by 10Hz from FRC
RLX

to TLC, at the optimal pair of electrodes (Figure

• 5.12., solid bars). At any given volume, no consistent pattern was observed between CF

values and diaphragm lengthening, as achieved by the belly-in manoeuvres (Figure 5.12.,

solid and hatched bars). As weil, the effect of increasing lung volume during the belly-in

manoeuvres showed a similar 10 Hz increase from FRCB1N to IC75%BIN'

Of interest is that, at electrode pairs caudal or cephalad to the optimal pair, CF values

could either increase, decrease, orfluctuate randomly with increases in lung volume along the

relaxation curve.

Figure 5.13. demonstrates raw EMGdi signais (3 seconds in duration) and RMS values

obtained in one subject during a static contraction at FRCBlN (top graph) and IC75%RLX. Note

the ECGs are included in the raw s;gnal, but are excluded for calculations of RMS (1 second

average).

•

•

5.5. DISCUSSION

The results of the present study indicate that there is a consistent muscle to electrode

distance filtering effect (MEdist filter) which influences the EMGdi power spectrum and its

associated center frequency (CF). This problem, however, can be controlled for by using a

multiple array esophageal electrode, and by detecting the optimal pair of electrodes c10sest

to the diaphragmfrom which to record and analyze the EMGdi signais. With the above method,

we found no significant nor consistent effect of chest wall configuration and/or lung volume on

EMGdi CF.

5.5.1. Evidence for the MEdist filter in esophageal recordings of EMGdi

ln the present study, we have provided evidence that changes in MEdist can influence

esophageal recordings of EMGdi. Our results are supported by studies which evaluated the

effect of electrode positioning on measurements of EMGdi in the lime domain. Fischer & Mitlal

(1990) reported that by pulling an esophageal electrode through the esophagus in a region

where the diaphragm is located, they observed a successive increase in EMGdi amplitude as
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the electrodes moved closer towards the diaphragm. The EMGdi amplitude then remained at

a plateau over a distance of 2 cm, after which it successively diminished. Oaubenspeck et al

(1989) found that the EMGdi amplitude always peaked at one pair of electrodes along their

multiple electrode array, and then tapered off in both directions with increasing distance from

this point. They reported that shifts as small as 1 cm from the point of peak activity resulted

in a substantial reduction of the signal amplitude. Onal et al (1979) described that during CO,

rebreathing, the EMGdi amplitudes obtained with an anchored esophageal electrode were

higher at electrode pairs 1.5-5.5 cm cephalad to the cardia, and then decreased further in the

same direction. They concluded that electrode pairs located within 2 cm of the position of

maximal activity could record EMGdi signais relatively accurately. In dogs, Kim et al (1978)

reported that the diaphragm CMAP amplitude increased successively from the cardia to a point

4-6 cm more cephalad, from which point the amplitude of the diaphragm CMAP progressively

decreased. Similarly, Grassino et al (1976) observed in cats that the CMAP amplitude was

strongly affected by small ...djustments in the position of the esophageal electrode. Results

from the above decribed studies unanimously imply that the time domain, amplitude-based

measurements of EMGdi are affected by increasing MEdist, however, no attempt was made

to actually describe the MEdist filter, in either the time domain or the frequency domain.

nie effect of the MEdist filter has been mathematically described for EMG signais

obtained from single muscle fibers (Lindstrëm, 1973). The mathematical model describes a

damping factor which acts in a similar fashion to that of a low-pass filter, where the cut-off

frequency and the high frequency slope of the powerspectrum change as a function ofdistance

away from the muscle fiber. These changes in the cut-off frequency and the high frequency

slope of the power spectrum with increasing MEdist, can be described by so-called modified

Bessel functions of the first order and second kind (Lindstrëm & Magnusson, 1977). This

theoryhas been verified experimentallyfor single muscle fibers byAndreasson and Rosenfalck

(1978). For interference pattern EMG signais obtainedwith surface electrodes, the summation

ofsignais from varying depths within the muscle will increase the complexity ofthe MEdist filter

description. However, the general theory of a successively steeper high frequency slope of
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the spectrum with increasing MEdist is still valid for the frequency range that we evaluated (75

Hz ta 150 Hz) (Lindstiëm & Broman, 1974).

The results obtained in the present study (Figure 5.6.) agree with those describing a

decrease in signal amplitude with increasing distance away from the diaphragm. With the

intention of defining the MEdist fi!ter effect, we decided ta expand our analysis into the

frequency domain. The frequency domain analysis of EMGdi (Figures 5.7. and 5.8.) confirmed

the previous theoretical and experimental reports of a steeper high frequency slope of the

spectrum with increasing distance away from the muscle, and provided additional support for

the existence of the MEdist filter in esophageal recordings of EMGdi.

As expected from the MEdist filter effect, CF values decreased as a function ofdistance

away from the electrode pair that showed the highest CF values (Figures 5.9. and 5.10.). Il

is highly possible that the CF values obtained for the most peripheral electrode pairs may have

been slighUy overestimated due ta the decreased SN ratio observed at this electrode pair

position, and hence the slope of the decrease in CF with distance may be underestimated. It

was observed that the MEdist filter effect, and the concomitant decrease in CF values with

distance, were different for the caudal and cephalad directions. One of the basicassumptions

often made in descriptions of the MEdist filter is that the tissues surrounding the muscle are

electrically homogeneous, isotropie, and dissipative (Lynn et al, 1978). However, Geddes &

Baker (1967) found considerable differences in resistivity between bone, blood, fat, and

muscle. This may be one explanation for the different decreases in CF with distance for the

two directions. It is also possible that the differences are due ta the different orientations of

the electrode pairs along the arraywith respect to the direction of the musclefibers in the crural

diaphragm.

Thus, the general observations of the MEdist filter in the EMGdi recordings from the

present study include, 1) a progressive decrease in signal amplitude away from the pair(s) of

electrodes where the amplitude was the highest (Figure 5.6.),2) a progressively steeper high

frequency slope away from the pair(s) of electrodes with the least steep high frequency slope

of the spectrum (Figures 5.7. and 5.8.), and 3) a progressive decrease in CF values awayfrom
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the pair(s) of electrodes with the highest CF value (Figures 5.9. and 5.10.). These

observations provide uverwhelming evidence that the electrode pair(s) which records the least

distance filtered signal, (as observed in 1,2, and 3 above), must be closest to the diaphragm.

Thus, with the existence of the MEdist filter, we can detect the position of the diaphragm with

respect to the electrode array, and we can justify the notion of an "optimal" pair of electrodes

from which to record and analyze EMGdi signais.

5.5.2. Factors which may influence the choice of the optimal pair

It has been theoretically described that bipolar recordings of EMG and hence, the

MEdist filter, are influenced by innervation zones (Lindstrëm, 1973). EMG recordings obtained

with electrodes positioned over an innervation zone produce a reduction in the total power of

the signal, with a shift of the power spectrum to higher frequencies. The magnitude of the

MEdist filterwill thus depend on how much the electrode pair is offset with respect to the center

of the innervation zone (Lindstrëm & Broman, 1974). EMGdi signais obtained in the present

study may have been influenced by innervation zones underlying the optimal pair of

electrodes, because we recurrently observed that the power spectrums obtained from the

optimal pair had a reduction in total power of the signal and an increased contribution of power

in the high frequency region, when compared to its neighbours. In such cases, however. the

optimal pair of electrodes would still be locating the diaphragm.

Calculation of the MEdist filter could as weil have been affected by the bipolar electrode

transfer function (Lindstrëm, 1970b). (A transfer function is defined is an expression linking

the output of an instrument to its input). The bipolar electrode transfer function introduces so­

called "dips" into the power spectrum, which are due to cancellation of power at a specific

frequency and its harmonics. The frequencies at which the dips occur are proportional to the

muscle fiber action potential conduction velocity (CV) and to the interelectrode distance (2d),

according to the formula CV =2df.;p' where f.;p is the frequency at which the first dip occurs.

Power spectral "dips" will only occur if the electrodes are aligned in the direction of the muscle

fibers. and in an area free of innervation zones. Due to the complicated anatomy of the crural
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diaphragm, it is unlikely that the electrodes were aligned in the direction of the muscle fibers

and in an area free of innervation zones. Hence, the presence of dips in the power spectrums

is as weil unlikely. Observation of the obtained power spectrums in this study did not reveal

the presence of dips. If the electrodes had been aligned in the direction of the muscle fibers

and in an area free of innervation zones, dips would still not have influenced the selection of

the optimal pair because with an interelectrode distance of 10 mm. as in this study. the first dip

would have been located at 300-500 Hz. assuming a mean muscle fiber CV of 3 to 5 mIs

(Lindstrëm, 1970b). Thefrequency interval chosen to determine the optimal pair of electrodes

was 75 to 150 Hz and is thus weil awayfrom thefrequencies at which dips related to the bipolar

electrode transfer function would be present.

5.5.3. Multiple electrode arrays: finding the optimal pair of electrodes provides specifie

information about EMGdi

The idea of using a multiple electrode array in order to coyer the span of diaphragm

excursion was originally proposed by Daubenspeck et al (1989). Their method was to average

the signais over ail pairs of electrodes, contrary to our approach which aimed to find the

electrode pair along the array from which to obtain a signal most representative of diaphragm

activity.

Anatomical descriptions indicate that the crural portion of the diaphragm covers 2-3 cm

ofthe esophagus (Skinner, 1972), and thus, 2-3 electrode pairs along ourelectrode array. This

is elearly in agreement with the amplitudes of the raw EMG signais obtained from the seven

pairs of electrodes (Figure 5.6.). From Figure 5.8., it can be seen that the MEdist filter effect

is relatively small for electrode pairs 10 mm away from the optimal pair, in both the caudal and

cephalad directions. At electrode pairs located 20 mm and more away from the optimal. the

MEdist filter effect is much more pronounced, suggesting, with support from anatomical

descriptions, that the diaphragm no longer covers these electrode pairs. One could therefore

assume that2-3 cm, and hence 2 to 3 electrode pairs of the electrode array. will receive EMGdi

signais of acceptable quality. With a further increase in MEdist, the SN and SM ratios will
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progressively decrease and the signais recorded will be less representative of diaphragm

activity, and more representative of noise. This was evident in the present study by a higher

exclusion rate of signais with poor quality from the more peripheral pairs of electrodes. Thus,

if signais are averaged from ail seven electrode pairs, as in Daubenspeck et al's study (1989),

at least four of the pairs (out of seven) used in the summation of their signais will contain

information that is influenced by poor signal to noise, signal to motion ratios, and by the MEDist

filter, and will thus only provide gross estimations about EMGdi. To summarize, from the

MEdist filter described in this study, in conjunction with anatomical descriptions of the

diaphragm, we can believe that for electrode pairs 20 mm or more away from the optimal pair,

one of the rings from the pair is likely to be off the muscle. These signais should thus not be

considered for analysis since more adequate ones can be obtained doser to the muscle.

When using a multiple array esophageal electrode to obtain one signal most represen­

tative ofdiaphragm activity, it is crucial to coyer the whole span of diaphragmaticdisplacement

and/or electrode displacement, which can occur with changes in lung volume. Wade (1954)

reported, from f1uoroscopic measurements, that diaphragmatic displacement was 1.5 cm

during quiet respiration and between 7 to 13 cm during deep respiration. Daubenspeck et al

(1989) described the diaphragm descent during resting breathing to be approximately 2 cm,

with no tendency for their esophageal electrode to move along with the diaphragm while itwas

secured to the nose. Gandevia &McKenzie (1986) also performed f1uoroscopy and found that

when a stabilizing balloon was used, the electrode moved through a vertical distance of about

8 cm between RV and TLC. Thus, a multiple array electrode which is not stabilized by a

balloon, should coyer about 7-13 cm, as predicted by Wade (1954). Schweitzer et al (1979)

have suggested, however, that pressures up to 30 cm H
2
0 in the high pressure zone of the

lower esophageal sphincter are alone sufficient to "anchor" an esophageal electrode catheter

in this region. In the present study, the change in optimal pair position with changes in chest

wall configuration never exceeded 4 cm, and could have been due to movement of the

diaphragm and/or the electrode. In accordance with Schweitzer et al's (1979) suggestions, it

is possible that a flexible electrode catheter can move along with the esophagus/diaphragm
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during changes in chest wall configuration, even when the electrode is fixed to the nose. This

may be allowed for by buckling of the flexible catheter in the pharynx and the esophagus.

Regardless ofwhetherthe diaphragm or the electrode moves, the method of choosing the least

distance-filtered electrode pair allows accurate recording of EMGdi.

The use ofballoon stabilization in orderto control for increases in MEdist is questionnable.

Balloon stabilization may maintain the position of the electrodes with respect to the esophagus,

but not necessarilly to the diaphragm. Based on fluoroscopic measurements, Gandevia &

McKenzie (1986) reported that axial movement of the esopagheal electrode with changes in

lung volume was "Jess than, but directly proportional" to the vertical displacement of the

diaphragmatic dome. This implies that balloon stabilization does not maintain the electrode

position with respect to the diaphragm. In fact, several authors have demonstrated that the

gastro-esophageal junction moves 1-3 cm cranially during swallowing, suggesting that the

esophagus is capable of moving, independent of respiratory manoeuvres (Johnson, 1968;

Clark, 1970), but a concominant movement of the diaphragm was not commented on. Use of

a multiple electrode array however, precludes the use of balloon stabilization, and is not

affected by movement of the esophagus, as the optimal pair of electrodes closest to the

diaphragm can be determined.

5.5.4. The effects of chest wall configuration and/or lung volume on EMGdi

The last ofouraims was to determine the effect of chestwall configuration on the EMGdi

CF values, while controlling for both the MEdist filter and EMGdi signal quality. This part of

the study was prompted by reports suggesting that esophageal recordings of EMGdi are

unreliable due to an "artifact" created by changes in Jung volume. Schweitzer et al (1979), who

investigated the intrabreath EMGdi in normal subjects, found that CF values increased over

the first 1 to 2 seconds of inspiration by 20 HZ. Gandevia & McKenzie (1986) reported that

diaphragm CMAPs increase in area and amplitude with lung volume and extrapolation of his

presented data indicates that this was associated with a decrease in action potential duration,

suggesting a shift of the power spectrum to higher frequencies. In both of these studies, the
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electrode was anchored with balloons at the gastresophageal junction, and was assumed to

track the movement of the diaphragm. As mentioned previously, the use of stabilizing balloons

does not necessarily guarantee that the electrodes are not affected by changes in the distance

to the diaphragm. Therefore, these studies cannot be regarded as entirely reliable because

of the detrimental effects that MEdist filtering will have on the signal.

Daubenspeck et al (1989), without the use of a balloon stabilized electrode, still

observed changes in CMAP amplitude with changes in lung volume. In this case, however,

there was no evaluation of signal quality obtained from each of the seven pairs of electrodes.

Therefore, the authors could not determine from the summed values, which of the seven pairs

of electrodes were most influenced by lung volume. This leads us to ask, if the signais from

ail electrode pairs were influenced by lung volume, orwas only one particular pair ofelectrodes

influenced? The results from the present study demonstrate that CF changes with lung volume

were not consistent for different electrodes, and thus an average across ail electrode pairs

would produce erroneous results. In our study, signais recorded at 10 mm or more away from

the optimal pair, and still accepted for signal quality, usually increased in CF values with

increasing lung volume, whereas CF values from the optimal pair, and 10 mm cephalad to the

optimal pair showed no change with lung volume.

ln the present study, there was no consistent effect of changes in lung volume and

diaphragm length on the EMGdi CF at the optimal pair ofelectrodes, howevera 10Hz increase

was observed from FRCRLX to TLC for the group. It has been proposed that the diaphragm

behaves in a sphincter-Iike fashion during deep inspiration (Klein etai, 1993). Such squeezing

of the esophagus around the catheter would reduce MEdist filtering, subsequently producing

higher CF values during higher lung volumes. Thus, the changes in CF values observed with

lung volume at the optimal pair may have been due to changes in the radial distance around

the electrode, as the esophagus squeezed the electrode during the contractions of the

diaphragm at high lung volumes.

One could speculate that the increase in CF observed at the optimal pair was caused

by movement of the esophagus, being pushed towards (closer to) the diaphragm during
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increases in lung volume (or during the belly-in manoeuvres). As weil, the possibility that

changes in chest wall configuratio,"': ;Jroduce changes in the orientation of the electrode array

with respect to the fiber direction or the innervation zones cannot be excluded. For human

investigations of EMGdi, no methods are yet available to determine the fiber direction of the

crural diaphragm, nor the location of innervation zones with respect to the esophageal

electrode, and thus, these influences were not controlled for in the present study.

The possibility that the changes in CF values with lung volume were due to poor signal

quality can be excluded. Signal disturbances caused by noise, electrode motion, the ECG, and

esophageal peristalsis were automatically excluded from the analysis. With the automatic

analysis used, in the present study, the maximum underestimation of CF caused by motion

artifacts has been calculated to be less than 5% (Sinderby et al, 1993). Similarly, any increases

in CF observed at the optimal pair are not Iikely due to increased levels of noise because the

maximum overestimation of CF due to noise levels is 10% (Sinderby et al, 1993). In this study,

the random variations of CF values obtained during changes in chest wall configuration were

within the combined range of 15%. Overall, we believe that the changes observed are most

likely not physiological in nature, but are more related to the recording location and the

influence of electrode proximity to the diaphragm, innervation zones, and/or orientation with

respect to the muscle fiber direction.

Assuming EMGdi signal quality and the MEdist filler effect were adequately controlled

for, changes observed in EMGdi with diaphragm shortening could be explained for byconcepts

derived from the physiology of nerve fibers. Based on the cable theory ofelectrical conduction

in non-myelinated nerve fibers (Hodgkin & Rushton, 1946), muscle action potential conduction

velocity (CV) is expected to increase with muscle shortening, due to its dependence on fiber

diameter. When signais are ideal, frequency parameters used to quantify the EMG power

spectrum always appear together with CV as a quotient, which implies that any changes in CV

will be reflected by a proportional shift of the EMG power spectrum (Lindstrëm, 1973). Thus,

when CV increases with muscle shortening, as predicted by the cable theory, CF values will

also increase. The increase in CV should be associated with a decrease in signal power
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because the action potential spends a shorter amount of time on the muscle fiber membrane,

giving off less energy/power. As previously mentioned, several authors have either indicated

or implied that during diaphragm shortening, there is a power spectral shift to higher

frequencies (Schweitzer et al, 1979; Weinberg et al, 1993; Gandevia & McKenzie, 1986), and

that CMAP amplitude increases (Gandevia & McKenzie, 1986; Daubenspeck et al, 1989).

Thus, the simultaneous occurence of power spectral shifts to higherfrequencies and increases

in signal power, as seen during diaphragm shortening, cannot be supported by the cable

theory of electric conduction.

Controversies surrounding the effect of muscle length on the CMAP amplitude have

provided further doubt as to whether the cable theory alone can account for the changes

observed in CV/CF. Gydikov & Kosarov (1973) observed an increase in CMAP amplitude with

increasing length and also described a concomitant reduction in CV, as is predicted by theory.

Goldman (1964), in studying compound nerve action potentials, reported no changes in either

CV nor action potential amplitude with changes in nerve length. In contras!, Martin (1954) saw

increases in CMAP amplitude with increasing muscle length, but observed no changes in CV.

The conclusion must therefore be that previously reported systematicchanges in power

distribution, or total power, with changes in lung volume, are not necessarily due to changes

in CV as predicted by the cable theory, but rather to the influence of the MEdist filter,

innervation zones, or the changing orientation of the electrodes with respect to the direction

of the crural musculature. This is further supported by the results of the present study. where

non-contaminated signais were selected at electrode pairs where the MEdist filter effect was

minimal, and did not reveal any consistent changes in CF values with changes in chest wall

configuration. One therefore has to assume that such previously described changes are due

to other factors, such as electrode configuration (including balloon stabilization), electrode

positioning, and signal quality, rather than to volume effects in themselves.

The present method of determining the location of the diaphragm along an electrode

array provides a more reliable way of obtaining EMGdi signais. This is especially important

when using spectral analysis to detect diaphragmatic fatigue. For example, if we were to test
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for diaphragmatic fatigue during exercise, large excursions of the diaphragm may place the

diaphragm away from the electrodes, and the decreases in CF values due to the distance filter

could easily be misinterpreted as fatigue. Thus, it is important to use a multiple array electrode

which covers the span of diaphragmatic excursion, and to be able to select the least distance­

filtered pair of electrodes from which to record and analyze the EMGdi signais. In addition,

controlling for signal quality is of utmost importance as artifacts related to motion and noise can

easily effect the EMGdi power spectrum.

Use of a multiple electrode array no longer necessitates tracking of the diaphragm's

movement with a stabilizing balloon at the gastroesophageal junction. because our method

allows us to "track" the diaphragm's movement by looking for the optimal pair of electrodes

which are closest to the muscle. Detecting the optimal pairofelectrodes is thus a method which

is independent of either diaphragm or electrode displacement, assuming the multiple elec­

trode array has the appropriate configuration, and covers the required distance.
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CHAPTER 6

CONCLUSION

The overall objective of this study was to develop a reliable method to record the

diaphragm electromyogram with an esophageal electrode. The specific aims of the work were

to (1) quantify the muscle-to-electrode distance filter (MEdist) with a multiple array esophageal

electrode, (2) develop a method which can trace the posit;on of the diaphragm along a multiple

array esophageal electrode, and (3) to evaluate the changes in center frequency (CF) with

changes in chest wall configuration, while controlling for MEdist filtering effects and signal

quality.

The results of this stùdy confirmed that esophageal recordings of the diaphragm

electromyogram (EMGdi) are severely affected by the muscle-to-electrode distance (MEdist).

Evidence for this was provided by the following observations, which are in accordance with

theory: (1) As the distance between the diaphragm and the electrodes increased, there was

a reduction in signal amplitude. (2) The effect of increasing the distance between the

electrodes and the diaphragm was that of a low-pass filter, and resulted in a filtering out of the

high frequency components of the EMGdi power spectrum. (3) Spectral measurements, such

as CF, were gradually reduced as the distance between the electrodes and the diaphragm

increased. The diaphragm-to-electrode distance filter was found to affect CF by an approxi­

mate 1 Hz decrease in CF per mm displacement away from the diaphragm. By taking

advantage of the MEdist filter, the pair of electrodes which was the least filtered by distance

could be determined (the "optimal pair"), and was assumed to represent the position of the

diaphragm. The method of selecting the optimal pair of electrodes has since been imple­

mented into computer algorithms for on-Iine, automatic analysis of EMGdi.

By controlling for distance filtering effects and signal qualily, there was no systematic

effect of changes in chest wall configuration on CF values for the group of five subjects.

Il is likely that the random fluctuations in CF values within a given subject were due to

the influence of innervation zones underlying the optimal pair, as was occasionally indicated
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by the reduction in power and a simultaneous increase in frequency at these electrodes.

Hence, futllre work in this field requires scrutinization into the influence of the innervation

zones in esophageal recordings of EMGdi in order to further reduce the stochastic variation.
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