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ABSTRACT

The magnetomyogram (MMG) is a magnetic signal that may be meas-

ur6il external to an active skeletal muscle. It is generated by tile

transmembrane loncurrents associated with the prbpagation of action

potent'ials along th'r plasma membranes of the muscle fibres. Compared

with other biomagnetic signals, such as the magnetocardiogram and the

m~etoencephalogram, the MMG has been studied very little.

Presented in this dissertation is the developm~nt of a strategy

for investigating" the potential of the MMG as a research and clinic~l

tool. Investigation of the compound magnetic action flux (MAF) , the

-- basic component of the MMG signal, was chosen in- favour of direct study

of the MMG. The design of a data acquisition system and experimental
,

procedure for investigation of the MAF is also reported. A preliminary

set of measurements from an excised frog gastrocnemius under controlled

physiological conditions is presented. These measurements were deslgoed

to reveal the temporal and spatial characteristics ot the MAF and to

demonstrate the effect of several physiological variables on these

characteristics. Such measurements have never before been reported.

The experimental measurements showed that the MAF from a frog

gastrocnemius is a biphasic signal with an amplitude of 30 pT and a

duration of 4.2 ms. The MAF was found to occur at the same time as the

whole muscle action potential and well before the mechanical response of

the muscle (generation of twitch force). The MAF was found to have an

...
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azimuthal component and a component that looped f~om end-to-end of the

muscle. For subm~ximal stimulation, the MAF amplitude was found to

increase nonlinearly with the twitch forc~ amplitude. For supramaximal

stimulation, the MAF amplitude was found to decrease with increasing

muscle length. Finally, it was found that the electrical conduct~vity

of-the bath medium strongly affecte~ the amplitude of the MAF signal.

/ This research has demonstrated the f~asibility of performing MAF

measurements in a typically "noisy" laboratory with a commercially

available SQUID magnetometer. It has also shown that the MAF signal is

reproducible and scns~tive to some physiological variables. Uith these

reSUlts, a greater kno~ledge an~ better understanding of the MAF has

developed. Further evaluation of the potential of the MMG as a research

and diagnostic tool i~ justified.
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CHAPTER 1 .

~INTRODUCTION

I ,
1.1 THE MAGNETOMYOGRAM

The e~ecfromyogram (£MG) is~ecording of the electric potcn~

tial difference between two electrodes applied to the skin overlying

active skeletal muscle (or between electrodes embedded in the muscle).

It has been 'used extensively as a fundamental tool in physiological

research and for clinical diagnosis of neuromuscular diseases. The

electric potential of the skin overlying an active muscle is caused to

fluctuate by the propagation of action potentials along the muscle

fibres.
~

The flow of ions associated with the propagation of an action

potential constitutes an electrical current. As with any electrical

current, these ion currents will generate magnetic fields. It is the

fluctuating magnetic field due to active skeletal mus~le that is the

object of study in this research.

The magnetomyogram (MMG) has been defined as "a recording of one

component of the ~agnetic field vector vs time, where th~ magnetic field

at the point of measurement is due to
~

currents 'generated by skeletal
!.

mbsc1e" (Cohen & Givler. 1972). Because the MMG and the ·£MG both arise

from the propagation of action potentials. they may present similar

characteristics (Plonsey, 1981; Tripp. 1981; Gielen &~ikswo. 1985).

MMG recordings from near the human elbow "have the same general form as

1
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EMG's recorded on the skin over contracted skele~l muscles, where the- .voltage signals are known to be due to the action potentials of the mus-

cle motor units" (Cohen & Givler, 1972). Measurements from the human

thenar muscles yielded MMG peak-to-peak amplitudes· of approximately

20 picotcsla (pT) and a power spectrum that peaked at 80 Hz and showed

little power over 300 Hz. Measurements from the region of the human

elbow yielded, larger amplitude and lower frequency magnetic signals

(Cohen &Givler, 1972),

In general, Duret & Darp (1983) reported that the HMG has an

amplitude of 10 pT' and a power spectrum that ranges from DC t;o 2 kHz.

This, and the paper of Cohen & Givler define the basic ,characteristics

of the magnetic signal measured 'from human skeletal muscles under volun-

tary control, The electrophysiological processes involved in the gen-

eration of the MMG are reviewed in Chapter 2 of this dissertation.

It should be noted that although the MMG power spectrum drops

off at low frequencies, ,a DC field has been observed and studied (Cohen

-& Givler, 1972; Cohen, et al., 1980). This DC. field was observed after

a muscle had been actively contracting. It was found to'persist for

several minutes while the muscle rested, Since the DC magnetic field

did not appear to be directly associated with activation of the muscle,

it was not considered to be part of the MMG and was not considered in

this research.
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1.2 THE MMG LITERATURE

The first biomagnetic signal to bc.mcasured was from the hcart

(Baule & McFee, 1963). The magnetometer consisted of two large induc-

tion coils, each of 2 million turns. A voltage of only 30 microvolts

was induced in these coils. No other human biomagnetic signals were,
detected until a specially shielded room was employed (Cohen. 1968).

With the env~ro~ental magnetic noise signif\cantly r~duced. the alpha

\
rhythm of themagnctoencephalogram was detected (with the aid of signal

averaging).

It was not until the SQUID (Supcrconducting Quantum Interference

Device) magnetomet~r wa~used by Cohen. Edelsack and Zimmerman (1970)

that interest in biomagnctism really took off. Based on the quantum

mechanics of the Josephson junction, this detector provided several ord-

ers of magnitude greater sensitivity than the large coils of thc earlier

instrumenta~ion. Magnetic fields from skeletal muscle, the lungs and

the eye were soon discovered, and work on the magnetocardiogram and mag-

netoence~~alogram progressed rapidly.

Relatively little research has been done on the magnetic field

) generated by skeletal muscle. The magnetic- fields generated by the

heart and brain have attracted most researchers entering the field of

biomagnetism. Magnetic measurements from the brain have been of great

interest largely due to the failurc of the EEG to "sec" into the brain

and localize centers of activity. The skull has proven to be much more

transparent to magnetic fields than to electric fields. Becausc the

heart is a life-critical organ tnd produces the lar)fst amplitude



magnetic signal of the human body, it to~ ~ been

Other areas tha~ have developed significantly involve

4

well researched.

DC fields from the

abdomen and limbs, and magnetic fields from the eye. The great success

of the EMG and the relative difficul~y of measuring weak magnetic fields

are probably the main reasons for the lack of interest in the MMG.
I

The MMG literature is very small. Since the MMG was first

reported by

recordings.

Cohen & Givler in 1972, only 4 papers have presented MMG
, \

'"

AS'described in tne previous section, Cohen & Givler

recorded maznetic signals from close to the human elbow (during volun-

tary flexion of the elbow) and from the palm of the hand. The next

paper to present an MMG recording, discussed it only as a potential

source of interference in magnetoencephalography recordings (Reite

et al., 1976). Study of MMG signals from voluntary contractions of the

human tibialis anterior wa~ reported at the 1982 Biomagnetism conference

tn Rome (Koga & Nakamura, 1983). Level-triggered signal averaging tech-

niques were used to extract single action potentials from the MMG pulse

trains."- Single action potential amplitudes ana durations were in the

neighbourhoods of 50 pT and 10 ms respectively.

Of greatest interest is the recent recording of magnetic signals

from single motor units from the ," extensor digitorum longus in rats

(Gielen & Wikswo, 1985;

firing of single motor

Gielen, Roth & W\kswo. 1986). Signals from the

units (of approxi\ately 7S fibres) were obtained

'with a signal-to-noise ratio of 14 dB. The magnetic recording was

found to be less sensitive to magn~t9meter position than th~ electric

potential recording was t~ electrode placement. Work to be publis~ed by

Roth & Wikswo (Gielen & Wikswo, !985), suggests that the magnetic field


















































































































































































































































































































































































































































































































































