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ABSTRACT

The motor unit action potential (MUAP) represents the spatial and temporal summation 

of single fibre extracellular action potentials (SFEAPS) generated from the same motor 

unit. MUAP morphology is affected by structural reorganisation of the motor unit that 

takes place due to disorders affecting peripheral nerve and muscle. MUAP features 

extracted in the time domain like duration, amplitude and phases are extensively used 

by the neurophysiologist for the assessment of neuromuscular disorders. In this study, a 

model based decomposition of MUAPS into their constituent SFEAPS is investigated. 

The aim of this study has been to develop a system that will give to the 

neurophysiologist a visualization of an "estimated" structural organisation of the motor 

unit, which includes information about number of fibres, fibre distribution and 

positioning and fibre diameter. This consists of the inverse problem in EMG. 

The mathematical model developed in two dimensions by Dimitrova and Dimitrov 

(Dimitrova 1974; Dimitrov 1987) was used to generate SFEAPS. In addition this model 

was extended to three dimensions. Two-dimensional and three-dimensional models of 

normal MUAPS consisting of 1, 4, 5, 10 and 50 fibres respectively were developed and 

decomposed for a small recoding radius up to 5 mm. Also three-dimensional models 

were developed and decomposed for myopathy in cases of variability in diameter, loss 

of fibres and reinnervation. The non linear least squares optimization procedure based 

on the Levenberg-Marquardt algorithm was used to obtain a solution to the MUAP 

decomposition problem i.e. fibre distribution, positioning and diameter. Using this 

method, a satisfactory solution to the decomposition problem was obtained. Future work 

will investigate the usefulness of the proposed analysis on MUAPS recorded from 

normal subjects and subjects suffering with neuromuscular disorders.
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1. INTRODUCTION

There are more than 40 neuromuscular disorders that affect the brain and spinal cord, 

nerves or muscles. Many of these diseases are hereditary and the life expectancy of 

many sufferers is considerably reduced. Early detection and diagnosis of these diseases 

by clinical examination and laboratory tests, is essential for their management as well as 

their prevention through prenatal diagnosis and genetic counselling. Laboratory 

investigations include neurophysiologic tests, nerve and muscle biopsies, biochemical 

analysis and more recently DNA analysis for the localization of genes are currently 

used. For Duchenne and Becker muscular dystrophy, the dystrophy gene has been 

identified. These advances have opened new approaches in the management, 

prevention, and eradication of these diseases. In this study, a new method of describing 

electromyographic signals into its constituent components is investigated.

Electromyography (EMG) studies the electrical activity of the muscle, and forms a 

valuable aid in the diagnosis of neuromuscular disorders. EMG findings are used to 

detect and describe different disease processes affecting the motor unit, the smallest 

functional unit of the muscle. During slight voluntary contraction individual units are 

recorded, known as Motor Unit Action Potentials (MUAPS). The motor unit action 

potential (MUAP) represents the spatial and temporal summation of single fibres 

extracellular action potentials (SFEAPS) belonging to the same motor unit.

MUAP morphology is affected by structural reorganisation of the motor unit that takes 

place due to disorders affecting peripheral nerve and muscle. MUAP features extracted 

in the time domain like duration, amplitude and phases are extensively used by the
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neurophysiologist for the assessment of neuromuscular disorders. In this study, a model 

based decomposition of MUAPS into their constituent SFEAPS is investigated.

1.1 The Motor Unit Action Potential

The fluids inside and outside the cells of the body are electrolytic solutions containing 

150 to 160mEq per litre of positive ions and the same concentration of negative ions. 

Generally an excess of anions is accumulated immediately inside the cell membrane 

along its inner surface and an equal number of kations is accumulated immediately 

outside the membrane. The result of this is the establishment of a membrane potential 

between the inside and outside of the cell.

There are two basic mechanisms that develop membrane potentials:

a. Active transport of ions through the membrane, thus creating an imbalance of 

negative and positive charges.

b. Diffusion of ions through the membrane as a result of ion concentration 

differences between the two sides of the membrane thus also creates an imbalance 

of charges.

At resting conditions the membrane potential is developed by the first mechanism. An 

electrogenic pump, sodium potassium, transports three (3) Sodium (Na+) ions outwards 

for every two potassium (K+) inwards. Eventually there comes a point at which the 

inward diffusion of Na+ (due to the low concentration inwards and negative membrane 

potential developed) equals the outwards pumping. At this point membrane potential 

averages -90mv and is called Resting Potential.
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When the fibre is stimulated (by electrical stimulation, mechanical compression and 

application of chemicals to membrane) an action potential is developed due to the 

increased permeability of the membrane to sodium ions, about 5000 - fold, followed 

instantaneously by return of the sodium permeability to normal and then potassium 

permeability increases greatly.

The action potential (Fig. 1.1) moves along the length of the nerve, giving rise to the 

nerve signal. The action potential occurs in two stages called membrane depolarisation 

and membrane repolarisation.

06 08

Fig. 1.1 Single Fibre Extracellular Action Potential (EAP).

A motor unit potential is the summation of the spatially and temporally dispersed action 

potentials of individual muscle fibres belonging to the motor unit. The depolarisation 

process travels in both directions along the entire extent of the fibre. This transmission 

is called nerve or muscle impulse.

1.2 Aim

The aim of this study was to develop a system that will give to the neurophysiologist a 

visualization of an "estimated" structural organisation of the motor unit, which includes
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information about number of fibres, fibre distribution and positioning and fibre 

diameter. This consists of the inverse problem in EMG.

1.3 Objectives

The overall objectives of this study were to describe the different methods developed 

for the simulation of a single fibre action potential, to choose and apply the most 

appropriate model in order to simulate SFEAPS, simulate MUAPS and decompose 

them to SFEAPS.

1.4 Guide to Thesis Contents

In Chapter 2, human motor unit anatomy is introduced and the basic single fibre action 

potential (SFEAP) modelling techniques are presented. Also the computer aided 

electromyography is described and other EMG and ENG Decomposition Techniques 

are presented. Chapter 3 describes the method followed in this study which consists of 

the simulation of SFEAP based on a dipole model, the simulation of MUAP (normal 

and myopathic) as a summation of SFEAPS and finally the decomposition of MUAPS 

into their constituent SFEAPS. The simulation was developed for two and three- 

dimensional models with a recording radius up to 5 mm and with a maximum number 

of fibres up to 50. In Chapter 4, the values that were used for the simulation of each 

model as well as the results obtained from the decomposition are presented analytically. 

In Chapter 5, the experiments and the results obtained in this study are discussed. In 

Chapter 6, the conclusions and the future work are given where decomposition of real 

signals and different algorithms based on evolutionary computation are proposed.
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2. EXTRACELLULAR POTENTIAL MODELLING AND MUAP SIGNAL 

ANALYSIS

2.1 The Motor Unit

A skeletal muscle is made of numerous fibres (cells) ranging between 10 and 80 

microns in diameter. Groups of muscle fibres are supplied by the terminal branches of 

one nerve fibre or axon whose cell body lies in the anterior horn of the spinal grey 

matter. This nerve cell body, the long axon, the terminal branches and all the muscle 

fibres supplied by these branches, together constitute a motor unit (Fig. 2.1). So, the 

motor unit is the smallest functional unit of muscle, since an impulse descending the 

nerve axon causes all the muscle fibres in one motor unit to contract almost 

simultaneously.

Inltlol segment
of axon

no<J« of i-anvter

schwonn cell

f\ ^w motor end

Fig. 2.1 Motor Unit
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The number of muscle fibres that are innervated by one motor neuron i.e. the number in 

a motor unit varies. In general small muscles that react rapidly and whose control is 

exact have few muscle fibres in each motor unit like the eyeball and larynx muscles.

On the other hand, large muscles which do not require a very fine degree of control, 

such as the gastronomies muscle, may have several hundred muscle fibres in a motor 

unit. On average motor units consist of 150 muscle fibres.

Usually an overlapping exists between fibres of one motor unit and fibres of another 

motor unit. This overlapping allows the separate motor units to contract in support of 

each other.

Loss of some of the nerve fibres from a muscle causes the remaining nerve fibres to 

sprout forth and innervate many of the paralysed muscle fibres. In this case a macro 

motor unit is developed but it has smaller degree of control, e.g. poliomyelitis causes 

this phenomenon.

2.2 Single Fibre Action Potential Modelling

Six mathematical models in the Single Fibre Action Potential modelling were 

investigated as follows:

  Core-conduction model (Weerd 1984).

An electric analog simulates the fibre and the medium.

  Volume Conduction as a filter process (Greco, Clark and Harman, 1977). 

The model is considered as two filters consisting of the membrane and the
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medium filter.

  Dipole Model (Boyd and Lawrence, 1978).

The muscle fibre is considered as a dipole generator consists of a source of 

current I and a sink of current I.

  Dipole Model (Dimitrova 1974, Dimitrov 1987).

The muscle fibre is considered as a dipole generator as the sum of potentials 

generated by equivalent dipoles distributed within the fibre length.

  Tripole Model (Rosenfalck, 1969)

The muscle fibre is considered as a tripole generator.

  Line Source Model (Nandedkar, Stalberg, 1983)

The single fibre action potential is viewed as the output of a linear system.

The details and the limitations of these models are described below. The dipole model 

(Dimitrova 1974, Dimitrov 1987) was selected to be applied as the most appropriate for 

the MUAP modelling under investigation in this study, as it is widely used, it is more 

close to real world and it can be applied as a convolution in MATLAB program. 

Changes in the basic assumptions about the MU architecture affect the results of the 

simulations. This step consists of the forward problem. The inverse problem has been 

faced as the decomposition of the MUAP into the constituent SFEAPS. The system was 

developed using the MATLAB program and consists of two main components, the 

simulation of MUAPS and the decomposition of the MUAPS into their constituent 

SFEAPS.
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2.2.1. Core-Conduction Model (Weerd 1984) 

2.2.1.1 Model Details

Clinical electromyography is based on the measurement of extracellular phenomena i.e. 

on potential variations. In the core-conduction model it is assumed that a single (thin) 

fibre is surrounded by an infinitely extended, homogeneous and isotropic medium. 

However this is not realistic. In practice, the external medium is bound, is isotropic and 

is inhomogeneous. Potential differences are computed assuming a point-shaped 

electrode of negligible dimensions constituting the active electrode in the potential field 

and a second or indifferent electrode situated completely outside this field, or an 

indifferent electrode situated in the potential field but with large dimensions.

This model is illustrated in Fig. 2.2 in the form of an electric analog where an 

unmyelinated nerve fibre is assumed where Vi is the intracellular potential and Ve is the 

extracellular potential, Ri and Re are the resistances per unit of length of intracellular 

and extracellular membrane and Zm is the membrane impedance.

Fig. 2.2 Representation of the core-conduction model as an electric analog.
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2.2.1.2 Limitations

The limitations of the core-conduction model are as follows:

According to this model the extracellular potential measured at the surface of an active 

fibre is proportional, but opposite to, the intracellular potential. Hence the extracellular 

action potential should be monophasic as with the intracellular action potential. 

However this situation is only valid if the fibre is in oil or in air. If the nerve is in situ 

or immersed in a physiological saline solution, the extracellular currents will spread out 

in space and the extracellular action potential becomes triphasic.

2.2.2 Volume Conduction as a Filter process (Greco, Clark and Harman, 1977) 

2.2.2.1 Model Details

Volume conduction has been considered as a filter process with two filters: membrane 

filter and medium filter. According to this, the extracellular action potential at the outer 

surface arises by filtering the intracellular action potential. The action potential in the 

external medium arises by the surface potential. The membrane filter may be regarded 

as a high pass filter and the medium filter as a low pass filter. The block diagram 

realization of the filter is given in Fig. 2.3.

action 
potential O

High Pass 
filter A

H,(f)

Low Pass 
filter

H,(f)

f(KHz) 

Fig. 2.3 Filter process.

observation 
distance

f(KHz)
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The mathematical implementation of the filter process is given in Fig. 2.4, where 

Fm (k),Fso (k),F°(k,r) represent the Fourier transforms of trans-membrane, surface and 

field potential distributions.

1 (\ K \ a) w(k/r) '

Membrane Filter Medium Filter 

Fig. 2.4 Mathematical implementation of the filter process.

The forward problem is simulated based on the computation of the potential at an 

arbitrary field point in the extracellular medium. 

The data given to the algorithm is:

1. Transmembrane Action Potential

2. Electrical and geometrical data, including the fibre radius, the conduction 

velocity and the conductivities of the intra and extracellular media.

The inverse problem is simulated based on the computation of the transmembrance

action potential.

The data given to the algorithm is:

The potential distribution at an arbitrary radial distance r from the fibre with the

same electrical and geometrical data as above.

The problem is formulated as a one dimension linear filtering problem and allows the 

application of well known techniques in linear systems theory and optimal linear 

filtering (Discrete Fourier Transform DFT) for convolution and least-mean-square 

(Greco, Clark and Harman, 1977).
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The inverse problem is affected by noise (modelling error and measurement error).

The Model

A circular cylindrical model of the axon is utilised and simulated action potential data is 

utilised to produce a "forward" solution at a particular radial distance r from the fibre. 

The resultant field potential is corrupted with additive Gaussian "measurement" noise 

and serves as an input to an inverse filter which provides the best estimates in least- 

squares sense to the original transmembrane potential data.

The model assumes the intra- and extracellular media to be uniform, homogeneous and 

purely passive (all sources for the potential being assumed to lie within the fibre 

membrane), quasi-stationarity (propagation effects are neglected) and axial symmetry in

( & \ 
cylindrical coordinates is assumed.   = 0

W J

The model is illustrated in Figure 2.5 where o0 is the conductivity of the external 

medium and Oj is the conductivity of the internal medium, a is the fibre radius, r is the 

radius to the field point and z is the axial dimension.

A

Fig. 2.5 The volume conduction model.
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The forward problem

Extracellular potential O" at an arbitrary field point from a filter of radius a is given by 

Clark and Plonse (1968) as

<D°M =
ITT J a-oo

-dk (2.1)

where Fm (k) is the Fourier transform of the trans-membrane potential distribution 

Om(z), that is,

(2.2)

and

(2.3)

The term a(|&|a)in equation (2.1) is:

a\kd}=- (2.4)

where K 0 is the modified Bessel Function of the second kind (order 0) and // is the

modified Bessel Function of the first kind (order 1). The constants ao and at are the 

specific conductivities of the extra- and intracellular media, respectively.

In equation 2.1, if r = r"= constant value of radial distance, then it takes the form of a 

Fourier integral.
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(2.5)

where

al\k\a\K0 l\k\a)
(2.6)

Substituting (2.5) into (2.1) then we obtain the Fourier transform at r = r' in the 

external medium:

1
(2.7)

(2.8)

At the outer membrane surface of the fibre r" = a, the potential O M (z)is given by

(2.9)

The Fourier transform of the outer membrane surface potential is

(2.10)

The following Fourier transform pair is established at the membrane surface:

(2.11)

(2.12)
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From equations (2.5) and (2.6), at / = a ,

a\\k\a)
(2.13)

So equation (2.5) may also be written as

and equation (2.7) may be written as

(2.14)

(2.15)

where, utilising equation (2.6)

(2.16)

From equation (2.14) and the Fourier transform of O°(/,z)

(2.17)

The potential distribution in zat an arbitrary radial distance r'frorn the fibre may be 

computed by specification of the Fourier transform of either the transmembrane or outer 

membrane surface potential distribution:
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or (2.18)

where from equations (2.13) and (2.16)

H\kr = (2.19)

F tlr\
and as given in equation (2.13) Fso (k) = • '

the Fourier transform of O°(/,z) is

(2.20)

From the above, it is concluded that the field potential O°(r*,z) is a result of two-stage 

attenuation of the transmembrane potential O m (z).

The first stage is associated with membrane (equation 2.13) where the filter 

characteristic is a ~' [(|A:|a)]and the second stage is characteristic of the external medium

(equation 2.17) where the filter characteristic is W(k r*J.

The inverse problem

The objective is to solve for Fm (&) given the filter characteristics and the potential

distribution <D° (r* , z] .

Equation (2.20) gives: Fm (k) = aa ^kr' } in order (2.21)
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to obtain: Fso (k) = W'^\k r* ]F° (kr' } (2.22)

From the definitions (2.4) and (2.16) is follows that

»oo as k -> 0

-» oo as k -» QO

Therefore, these inverse filter functions are not defined for all k in the large -» < k < ». 

In particular, the fT" 1 ^/] function is an inverse filter function associated with

extracellular medium. Its properties are such that for band-limited signals asO°(/,z), 

the Fourier transform of the surface potential distribution Fso (k) can be obtained via 

equation (2.22) for a range of r" values of interest.

The membrane inverse filter function a(|&|tf) ^s we^ behaved except at k = 0 and this 

indicates that the direct current resting potential cannot be recovered in the inverse 

filtering process.

2.2.2.2 Limitations

The model assumes that the intracellular and extracellular media are uniform, 

homogeneous and purely passive. Also axial symmetry is assumed. However in real 

world they don't behave this way. In the real world the media is not uniform or 

homogeneous.
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2.2.3 Dipole Model (Boyd and Lawrence, 1978) 

2.2.3.1 Model Details

In this model the extracellular action potential of the human muscle fibre, is simulated 

by a dipole model.

Source (0,-b) Sink (0,b) x
Axis of the muscle fibre

Fig. 2.6 The dipole model.

The Model

A dipole generator may be considered as consisting of a source of current / and sink of 

current /at a distance 2b as shown in figure 2.6. A current source /produces a spherical 

potential field O given by:

(2.23)

where r is the distance from the source and uis the conductivity of the external

medium.

The potential at a point x,y/ is given by

(2.24)

or
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(2.25)

2.2.3.2 Limitations

The limitations of this model are:

1. The finite diameter of the muscle fibre is not considered.

2. Inhomogenity, anisotropy and finite extent of the volume conductor are not 

considered either.

2.2.4 Dipole Model (Dimitrova 1974; Dimitrov 1987) 

2.2.4.1 Model Details

The SFEAP model developed by Dimitrova and Dimitrov (Dimitrova, 1974; Dimitrov, 

1987) is used. According to the model, the SFEAP is considered to be the sum of 

external potentials developed by equivalent dipoles distributed within the fibre length 

and is calculated by the equation:

36 9(~} 
<$>(x0 ,y0 ,d,t) = -Ce \L 'L^^^dX (2.26)

aX aX

where

6t is the intracellular action potential =Aix^2 e^3X and Ai,A2,Aa are 

constants

jc = ut u is the propagation velocity which is considered constant

Li,L.2 are me distances between the endplate and the two edges of the fibre

_ _ d Kanr m(7i
^e~ 7/c

10(7 an
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d is a fibre diameter

<r, is the conductivity inside the fibre

ax is the conductivity along the x axis

oy is the conductivity along the y axis

Kan is the medium anisotropicity

XQ, yo are the horizontal and vertical distances of the electrode from the endplate

vm is the intracellular action potential amplitude which is considered unity

ran = v(x - xo )2 + Kan (y - y0 ) ^s a distance between the electrode (x&yo) and fibre 

endplate, considering the medium anisotropicity.

Equation (2.26) was implemented using a convolution operation as follows:

3x &x
(2.27)

According to the model it was shown that the basic quantitative characteristics of the 

extracellular potential such as amplitude, temporal, integral and spectral depend on the 

fibre-electrode distance.

2.2.4.2 Limitations

1. The model assumes that the potential field is generated from a human muscle 

immersed in an infinite, uniform and isotropic volume conductor (Dimitrova 1974).
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2. The proximity of the place of origin of the excitation to the point of recording causes 

strong changes in the form of the extracellular potential. Upon recording above the 

motor endplate area the extracellular potentials are of a two-phase type, and outside the 

motor endplate area are of three-phase type. The axial distance to which the 

extracellular potential is of the two-phase type increases with the increase in the radial 

distance of the point of recording to the axis of the fibre (Dimitrova 1974).

2.2.5 Tripole Model (Rosenfalck, 1969) 

2.2.5.1 Model Details

The muscle fibre is simulated as a tripole generator as illustrated in figure 2.7 and the 

mathematical implementation is given in using equation (2.28).

- s I a

-I

+s/a

-Kl-or)/

+ula

Axis of the muscle fibre

Z/r (recording point)

Fig. 2.7 The tripole model.

(2.28)
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where

a'. conductivity of the volume conductor

r: distance form the recording point perpendicular to the axis through the poles.

z: distance parallel to the three pole axis from the recording point to the centre of

the two first poles, which are representing the depolarisation phase.

s: distance from the centre to each of the two first poles.

u: distance to the third pole representing the depolarisation.

/: the current through the second pole.

a: the part distributed to the first pole.

2.2.5.2 Limitations

1. Finite diameter of the muscle fibre was not considered.

2. Inhomogenity, anisotropy were not considered either.

2.2.6 Line Source Model (Nandedkar and Stalberg 1983) 

2.2.6.1 Model Details

The muscle fibre is assumed to be straight and cylindrical. The extracellular medium is 

assumed to be infinite with cylindrical anisotropy. The action potential originates at the 

endplate (z = 0) and propagates with a constant velocity towards to tendons so the trans- 

membrane current can also be considered to originate at the endplate and propagate 

towards the tendons.

z = 0, origin of the cylindrical CXTTMM A i-c
... . Motor ENDPLATE

co-ordinate system i

I   ~<      ELECTRODE 

±_______________

A o

Fig. 2.8 The line source model.
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The current at the endplate is i0 (t). The potential produced by a point current source 

located at the origin of a cylindrical co-ordinate system is:

<t>(r,z) =       (229)4*7 (

where / = strength of current source 

r = radial separation 

z = axial separation 

crr = radial conductivity 

a, = axial conductivity

k= & J ar

It is assumed that a unit current source originates at time zero at the endplate and 

propagates towards the tendons with a constant velocity. i0 (t) has been approximated by 

sources of different amplitudes ( a { , a 2 ,K an ). The first originates at time zero, and each 

subsequent source at an interval of At.

The first source originates at time 0, propagates towards the tendons and generates a 

potential a, .h(t).

The second source originates at the A?, produces a potential: a 2 .h(t - A?).-. => 

Dipole model n=2, Tripole model n=3

/»(/) = a, .h(t)+ a2 .h(t - Af) +... + an h(t -(n- \)At) (2.30) 
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As A? -» 0 and n -» QO , equation (2.30) represents the convolution of /z(/)and i0 (t)

(2.31)

As a result the single fibre potential can be viewed as the output of a linear system with 

the impulse response h(t)and the transmembrane current i0 as input.

uo
v^s~

linear 
system

p(t)———— >

The Fourier transform of equation (2.31) gives:

(2.32)

(2.33)

where

H(Jw)= h(a\e-jwa'da

The time interval used is 40ms, which satisfies the Nyquist criterion > — 

Also Rosenfalck, 1969 described the intracellular action potential as:
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I.A.P g(z) = 96z V*' - 90 (2.34) 

So the transmembrane current density is proportional to

6z + z 2 Kz (2.35)

The transmembrane current was computed as:

£*p> (2.36,

where d = diameter of the fibre

at = intracellular conductivity

Because Rosenfalck found at his experimental data the max value of g"(z)to be 400 

mvmm"2 and the rise time and duration of the simulated intracellular potential and its 

second derivative twice of the experimentally recorded, Nandedkar and Stalberg 

modified Rosenfalck' s I.A.P as

e(z)=g(2z) (2.37) 

e"(z) = 4g"(2z) (2.38)

and now matches Rosenfalck' s experimental data.

The transmembrane current on the surface is lumped at the centre of the fibre and is

expressed as:

Iz = ^e» Z (2.39)

Equation (2.39) describes the transmembrane current distribution along the length of the 

fibre at one instance.
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This is needed to compute the variation of current at the endplate in time. 

z = U.t (2.40) 

50 l0 (t)=Im -(Ut), (2.41) 

where U ^conduction velocity

Output: Function h(t) -The potential generated by a unit current source when it 

propagates from the endplates towards the tendons.

Input: 1. length of fibre (200mm in all simulations)

2. fibre diameter

3. conduction velocity

4. distance between the endplate and tendons

5. axial position of the electrode

6. radial position of the electrode 

(The same values Rosenfalck 1980)

7. ar = 0.0638m' 1 , cr z =0,33sm l , a = l.Olsm' 1

Note: The potential is independent of the 0 co-ordinate owing to the cylindrical

symmetry.

The source is moved in either direction from the endplate in time intervals of 40us. The

potential is computed using the following equation:

<142)
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and a 1024 point second of sampled h(t)is constructed (Total duration: 40-96ms).

With conduction velocity 2.2ms" 1 the current source will move about 90mm (»2.2ms" 1 x 

40ms) which is roughly equal to the distance between the endplate and the tendons.

2.2.6.2 Limitations

1. A correction factor for amplitude is needed when the source and the electrode are in 

the same z-plane, as well as when the electrode-fibre centre distance is 1.1 radii.

2. Underestimation of the peak amplitude for large muscle fibre diameters.
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2.3 Computer Aided Electromyography

Structural reorganisation of the motor unit, the smallest functional unit of muscle, takes 

place because of disorders affecting peripheral nerve and muscle. Motor unit 

morphology can be studied by recording its electrical activity, the procedure known as 

EMG. In clinical EMG, MUAPS are recorded using a needle electrode at slight 

voluntary contraction. The MUAP reflects the electrical activity of a single anatomical 

motor unit. It represents the compound action potential of those muscle fibres within the 

recording range of the electrode. Features of MUAP's extracted in the time domain 

such as duration, amplitude, and phases proved to be very valuable in differentiating 

between muscle and nerve diseases with the duration measure being the key parameter 

used in clinical practice. However, the measurement of the duration parameter is a 

difficult task depending on the neurophysiologist and/or the computer-aided method 

used. The definition of widely accepted criteria that will allow the computer-aided 

measurement of this parameter, are still lacking. On the other hand, frequency domain 

features of MUAP's like the mean, or median frequency, bandwidth, and quality factor 

provide additional information in the assessment of neuromuscular disorders and it has 

recently been shown that the discriminative power of the MUAP mean or median 

frequency is comparable to the duration measure or the spike duration measure 

(Pattichis and Elias, 1999). Furthermore, earlier EMG frequency analysis studies 

showed a displacement towards lower frequencies for neurogenic lesions, with the 

opposite being true for myogenic lesions. These findings were also confirmed by 

Larsson (Larsson, 1975) who devised a method for the automated measurement of the 

EMG power content of four octave band filters with center frequencies at 50, 200, 800 

and 1600 Hz. Even though frequency-domain techniques describe the frequencies 

present in the signal, information about their occurrence in time is missing. The analysis
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of MUAP signal characteristics in both the time and frequency domains using the 

wavelet transform was also investigated (Pattichis and Pattichis, 1999). They 

investigated the following four different wavelets: Daubechies with four (DAU4) and 

20 (DAU20) coefficients, Chui (CH) and Battle-Lemarie (BL). It was shown that 

significant information about MUAP morphology could be extracted. Computer-aided 

EMG provides indispensable tools in the hands of the neurophysiologist in facilitating 

quantitative analysis and decision making in clinical neurophysiology, rehabilitation, 

sports medicine, and studies of human physiology. These tools form the basis of a new 

era in the practice of neurophysiology facilitating:

(i) Standardisation. Diagnoses obtained with similar criteria in different 

laboratories can be verified.

(ii) Sensitivity. Neurophysiological findings in a particular subject under 

investigation may be compared with a database of normal values to determine 

whether abnormality exists or not.

(iii) Specificity. Findings may be compared with databases derived from patients

with known diseases, to evaluate whether they fit a specific diagnosis.

(iv) Equivalence. Results from serial examinations on the same patient may be

compared to decide whether there is evidence of disease progression or of

response to treatment. Also, findings obtained from different quantitative

methods may be contracted to determine which are most sensitive and specific.

In recent years, different methodologies have been developed in computer-aided EMG

and ENG analysis ranging from simple quantitative measures of the recorded potentials

as described above, to more complex knowledge-based and neural network systems that

enable the automated assessment of neuromuscular disorders (Pattichis et. al. 1995,

Pattichis et. all996, Christodoulou et. al. 1998, Pattichis et. al. 1999). However, the
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need still exists for the further advancement and standardization of these methodologies, 

especially nowadays with the emerging health telematics technologies, which will 

enable their wider application in the neurophysiological laboratory. 

The main objective of this study was to develop a system that will give to the 

neurophysiologist a visualization of an "estimated" structural organisation of the motor 

unit, which includes information about number of fibres, fibre distribution and 

positioning and fibre diameter. This consists of the inverse problem in EMG.

2.4 Other EMG and ENG Decomposition Techniques

To the best of the Author's knowledge, no similar work to this study has been carried 

out for decomposing simulated MUAPS into their constituent SFEAPS. A similar work 

has been carried out for decomposing surface EMG into SFEAP based on neural 

networks (Graupe et. al, 1989). In addition, two studies investigated successfully the 

decomposition of needle EMG into its constituent MUAPS (Le Fever and De Luca, 

1982, McGill et. al. 1985). Moreover, a decomposition of the Compound Action 

Potential in EMG has been proposed. These decomposition techniques are briefly 

described below: 

A. Decomposition of surface EMG into SFEAPS

• Decomposition of surface EMG signals into SFEAPS by means of neural 

networks (Graupe et. al, 1989)

In this study a neural network model has been developed to decompose surface 

EMG signals into a multitude of below-skin single fibre external action 

potentials and also a localization of fibres by using subsequent conventional 

correlation computations. This approach utilizes a Hopfield neural network and 

it is based on the work by Tank and Hopfield on the decomposition of Gaussian
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sum probability distribution functions (p.d.f.'s). This utilization is facilitated by 

the nature of SFEAPS that they can be considered to be the sum of three base 

functions having the form of a Gaussian p.d.f function.

B. Decomposition of needle EMG into its constituent MUAPS

• Procedure for decomposing the EMG signal into its constituent Action 

Potentials (LeFever and De Luca Part I and II, 1982)

A technique has been developed which enables the decomposition of a 

myoelectric signal into its constituent MUAPS. It consists of a recording 

procedure, a data compression algorithm, a digital filtering algorithm and a 

hybrid visual decomposition interface. The decomposing algorithm uses a 

continuously updated template matching routine and firing statistics of the 

Motor Units to identify MUAPS in the signal recorded.

• Automatic decomposition of the clinical EMG (McGill et. al, 1985)

An automatic signal-processing method has been described for extracting 

MUAPS from the electromyography interference pattern. The method employs 

digital filtering to select the spike components of the MUAPS from the 

background activity, identifies the spikes by template matching, and averages 

the MUAP waveforms from the raw signal using the identified spikes as 

triggers.

C. Decomposition of the Compound Action Potential (CAP) in ENG

• The inverse Problem in Electroneurography: conceptual basis and mathematical 

Formulation (Schoonhoven et. al, 1988)
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A mathematical technique for the analysis of the compound action potential 

(CAP) of a peripheral nerve has been described which deals with the estimation 

of the number of active fibres contributing to the CAP and the distribution of 

their conduction velocities. The CAP has been described as a filtered Poisson 

process, with the (time-varying) filter representing the SFEAP waveshapes. The 

procedure consists of two parts. The first part is related to the fast conducting 

fibres contributing to the CAP and uses least-squares optimisation techniques for 

the reconstruction to the CAP waveshape. The second part is related to the small 

late components of the CAP due to the slowly conducting fibres. The model 

explicitly uses the Poisson process formalism and is based on reconstructing the 

energy or variance in the CAP.

Differences with my work

This study is different from the studies described in Sections A, B and C. In this 

study MUAPS were decomposed into their constituent SFEAPS and gives the 

neurophysiologist a visualisation of an "estimated" structural organisation of the 

motor unit.

Maria Xyda 31



Model Based Decomposition of MUAPS into their Constituent SFEAPS

3. METHODOLOGY

3.1 Simulation of SFEAP

The model developed by Dimitrova and Dimitrov (Dimitrova 1974; Dimitrov 1987) was 

used in order to generate SFEAPS where the muscle is considered as a dipole. The 

model is described in Section 2.2.4. According to the model, the SFEAP is calculated 

by the equation:

(3-D

The simulation programs have been developed using MATLAB program, function 

tot_out3.m (Appendix 1) for a two-dimensional model and function extra.m (Appendix 

2) for a three-dimensional model. The equation (3.1) has been implemented as a 

convolution within a specific time interval as follows:

(3.2)
Ac 3x

3.2 Simulation of MUAP

The structural organisation of normal motor units in human biceps brachii muscle was 

used as the basis of the simulations. A similar structure was also used by Nandedkar 

and co-workers (Nandedkar et. al. 1988). Motor units were simulated by randomly 

distributing 50 muscle fibres within a circular territory of 5.64 mm diameter. The mean 

and standard deviation of the diameter of muscle fibres in the motor unit were 50 um 

and 28 um, respectively (Dubovitz and Brooke 1973). The endplates were assumed to
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be distributed within a 5 mm wide zone midway along the length of the muscle fibres 

(Aquilonius et. al. 1984). It was assumed that the recording electrode was positioned at 

the centre of the motor unit circular territory, at the centre of the endplate zone. The 

MUAP was computed by summing the SFEAPs within a predetermined semicircular 

recording-testing area facing the electrode as follows:

(33)

where M is the number of fibres positioned within the testing area 

N is the maximum number of sample points.

In the first case, a MUAP has been simulated as a sum of SFEAPS generated for 1, 4, 5 

and 10 fibres enclosed within a semicircular area of radii 0.6, 0.9, 1.0 and 1.2 mm. The 

function used is invmuap.m and it is attached in Appendix 1.

The experiments start with 1 fibre in order to determine the behaviour of a single fibre 

before extending the model.

In the second case, a MUAP has been simulated as a sum of SFEAPS generated for 50 

fibres enclosed within a semicircular area of radii 5 mm. In this case, a third dimension 

has been added and also the model has been applied for myopathic cases. The functions 

used (normal2.m, diam2.m, reinl.m, rein2.m) are attached in Appendix 2.

3.3 Decomposition

The decomposition of simulated MUAPS into their constituent SFEAPS was addressed 

as an unconstrained optimization problem. The non-linear least squares optimization
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procedure based on the Levenberg-Marquardt algorithm (More, 1977) was used to 

obtain a solution to the MUAP decomposition problem i.e. fibre distribution and 

positioning and fibre diameter. The problem to be solved was formulated as follows:

minimize 

psR" {F(p) = ^l (R(p,t,)-^(tl )j} (3A}

where p=[x0b ym , dl5 .....xOM , VOM, dM] is the n-dimensional unknown vector, R is a 

reconstructed MUAP defined as follows:

*

The equation (3.4) also gives the error function.

The n-dimensional vector has dimensions 1M, where 1 is three representing variables

x0k,yok,dk of the SFEAP.

The Levenberg-Marquardt method was used to optimize F(p) as implemented in the 

MATLAB optimization toolbox. Levenberg-Marquardt is a popular alternative to the 

Gauss-Newton method of finding the minimum of a function F(x) that is a sum of 

squares of non-linear functions fj (x),

] 2 (3.6)

Let the Jacobian of /(x)be denoted as J,(x) , then the Levenberg-Marquardt method 

searches in the direction given by the solution p to the equations 

(yj +Ak I)pk = -JTk fk , where AK are non negative scalars and I is the identity matrix. 

The method has the nice property that, for some scalar V related to &K , the vector pk is
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the solution of the constrained subproblem of minimizing \Jk p + fk 2 /2 subject to 

\\p 2 < V (Gill et. al. 1981, p. 136).

The main contributions of this study are:

a. The extension of the two-dimensional model developed by Dimitrova and Dimitrov

to a three-dimensional model and;

b. The development of a new method to aid the neurophysiologist in gaining a better

assessment of the muscle structural organisation.
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3.4 Description of the Experiments

All programs developed using the MATLAB program were based on the dipole model 

(Dimitrova 1974; Dimitrov 1987), which is described in Section 2.2.4. The steps 

followed in each model are described, below.

3.4.1 Simulation and decomposition of a two-dimensional model

The simulation and decomposition of the two-dimensional mcidel can be divided into 

five steps as described below.

Step 1. Generate the random numbers to create the components of each fibre using the 

MATLAB function rand(3,n) where n is the number of fibres. Each fibre is represented 

by a column of ^-horizontal distance, jy-vertical distance and d-diameter. The same 

generator was used to produce values for 1, 4, 5 and 10 fibres in a test radius of 0.6 mm, 

0.9 mm, 1 mm and 1.2 mm respectively. The generator was used to produce simulated 

and initial values.

„, 1

Step 2. Apply equation (3.2) <b(x0t ,y0k ,dk,t) = -
9x

using the

MATLAB convolution function conv().

j. is the intracellular action potential = Ai XA: eA}X and AI= 72234, A2 = 5, 
AS= -11 are constants.

x = uf u =4 m/s is the propagation velocity which is considered constant. 

Li, L2 are the distances between the endplate and the two edges of the fibre

16 O a
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d is a fibre diameter

Oj = 1.01 is the conductivity inside the fibre and

ax = 0.33 is the conductivity along the x axis

ay = 0.63 is the conductivity along the y axis

Kan =5 is the medium anisotropicity

XG, yo are the horizontal and vertical distances of the electrode from the endplate

	and considered 0. 

Vm = 1 is the intracellular action potential amplitude which is considered unity

ran = y(x -xo)2 + Kan (y - y>0 ) * s a distance between the electrode (xo,yo) and fibre 

endplate, considering the medium anisotropicity.

Step 3. Develop the model using equation (3.2) to simulate a SFEAP. The function 

tot_out3.m (Appendix 1) was used.

Step 4. Sum the SFEAPS using equation (3.3) to produce the MUAP in all cases. 

Step 5. Develop the program invmuap.m (Appendix 1) to decompose the MUAP into 

its constituent SFEAPS using equation (3.4). The program applied the non-linear least- 

squares optimization procedure based on Levenberg-Marquardt algorithm, by using the 

matlab function leastsq(). In each case the simulated and the forecasted signals are 

compared. The forecasted signals are developed by applying the above model using 

initial values.
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3.4.2 Simulation and decomposition of a three-dimensional Model

The simulation and decomposition of the three-dimensional model can be divided into

five steps as follows:

Step 1. Generate random numbers to create the components of each fibre by using the

MATLAB function rand(5,50) which generates 5 columns for each fibre with the total

number of fibres equal to 50 in a test radius of 5mm. Each fibre is represented by a

column of x-horizontal distance, y-vertical distance, z-z distance, c/-diameter and t-

delay. The generator was used to produce simulated and initial values.

Step 2. Apply equation (3.2) with the difference that a third dimension z was included.

Therefore the distance between the electrode (xo,yo,zo) and the fibre endplate,

considering the third dimension z is ran = -\}(x - xo)2 + Kan (y - y°)2 + Kan (z~ z °) 2 

Step 3. Develop the model using equation (3.2) to simulate a SFEAP. The function 

extra.m (Appendix 2) was used.

Step 4. Sum the SFEAPS using equation (3.3) to produce the MUAP using the function 

simu0208.m (Appendix 2).

Step 5. Develop the program normaU.m (Appendix 2) to decompose the MUAP into 

it's constituent SFEAPS using equation (3.4). The program applied the non-linear least- 

squares optimisation procedure based on Levenberg-Marquardt algorithm, by using the 

MATLAB function leastsq( ). The program was executed for 251 iterations, 1011 

iterations, 5065 iterations and the simulated and forecasted signals are compared. The 

forecasted signals are developed by applying the above model using initial values.
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3.4.3 Simulation and decomposition of a three-dimensional model in the case of a 

myopathy

Three different cases of myopathy were examined:

• Variability in diameter, where the mean diameter of the fibres changes.

• Loss of half of the fibres

• Reinnervation of fibres. Twenty five fibres were added: 

a. In the whole MU territory and 

b. In the right plane of the MU territory.

The same steps were used as in normal cases (3.4.2 above). Functions used are 

diaml.m, halfloss.m, reinl.m, rein22.m respectively and they are given in Appendix 2.

Extending the model to three dimensions and adding more fibres increases the 

computational complexity and performance of the algorithm.
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4. RESULTS

4.1 MUAP Simulation and Decomposition Using a Two-Dimensional Model

MUAP simulations with 1, 4, 5 and 10 fibres using a two-dimensional model were 

carried out. For each experiment, the simulated values, initial values and final results 

(forecasted values) are given for the x-horizontal distance, ^-vertical distance and d- 

diameter. Plots of the position of the coordinates of the simulated and final values, as 

well as the simulated and final waveforms are given.

4.1.1 MUAP simulation for 1 fibre

Table 4.1 gives the simulated, initial and final results for the x and y coordinates and 

diameter, d. It is clearly shown that the final results are very close to the simulated 

values in 17 iterations with an infinitely small error. Figure 4.1 illustrates the closeness 

of the coordinates between the simulated and final values as well as the overlap between 

the simulated and final waveforms.

Simulated Values (rl) mm

x 0.3750 
y 0.3946 
d 0.0328

Initial Values (zl) mm

x 0.4000
y 0.4000
d 0.0400

Results (ol) mm

x 0.3749
y 0.3945
d 0.0328

Error=4.7475e-011

Table 4.1 MUAP simulation and decomposition for 1 fibre.
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Fig. 4.1 Simulation and decomposition of 1 fibre for a test radius of 0.6 mm.
(simulated blue '.', forecasted red '-') 

The top graph shows the positioning of the fibres, 
(simulated blue 'o', forecasted red '+')
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4.1.2 MUAP simulation for 4 fibres

Table 4.2 gives the simulated, initial and final results for the x and y coordinates and 

diameter, d. It is clearly shown that the final results are very close to the simulated 

values in 58 iterations with an infinitely small error. Figure 4.2 illustrates the closeness 

of the coordinates between the simulated and final values as well as the overlap between 

the simulated and final waveforms.

Simulated values (r4) mm 
Fibre no: 1 2

x 0.0751 0.3750 0.3180 -0.3367
y 0.5817 0.3946 0.6158 0.6348
d 0.0679 0.0328 0.0983 0.0478

Initial Values (z4) mm 
Fibre no: 1 2

x 0.0800 0.4000 0.3000 -0.3300
y 0.6000 0.4000 0.6200 0.6500
d 0.0700 0.0300 0.1000 0.0500

Results (o4) mm 
Fibre no: 1

x 0.0804 0.4001 0.3005 -0.3299
y 0.5999 0.3995 0.6191 0.6502
d 0.0676 0.0333 0.0992 0.0460

Error= 1.9997e-013

Table 4.2 MUAP simulation and decomposition for 4 fibres.
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Fig. 4.2 Simulation and decomposition of 4 fibres for a test radius of 0.9 mm.
(simulated blue '.' forecasted red '-') 

The top graph shows the positioning of the fibres, 
(simulated blue 'o', forecasted red '+')
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4.1.3 MUAP simulation for 5 fibres

Table 4.3 gives the simulated, initial and final results for the x and y coordinates and 

diameter, d. It is clearly shown that the final results are very close to the simulated 

values in 53 iterations with an infinitely small error. Figure 4.3 illustrates the closeness 

of the coordinates between the simulated and final values as well as the overlap between 

the simulated and final waveforms.

Simulated values (r5) mm 
Fibre no: 1 2

x 0.0751 -0.6965 0.3750 0.3180 -0.3367 
y 0.5817 0.4142 0.3946 0.6158 0.6348 

_____d 0.0679 0.0935 0.0328 0.0983 0.0478 
Initial Values (z5) mm
Fibre no: 1_____2_____345 

x 0.0750 -0.6960 0.3700 0.3200 -0.3370 
y 0.5800 0.4140 0.3950 0.6160 0.6350 

_____d 0.0680 0.0940 0.0330 0.0990 0.0500 
Results (o5) mm 
Fibre no: 1_____2____345

x 0.0737 -0.6947 0.3687 0.3188 -0.3383 
y 0.5813 0.4133 0.3962 0.6172 0.6337 

_____d 0.0668 0.0926 0.0326 0.0984 0.0510 
Error=6.3597e-017

Table 4.3 MUAP simulation and decomposition for 5 fibres.
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Fig. 4.3 Simulation and decomposition of 5 fibres for a test radius of 1.0 mm.
(simulated blue '.', forecasted red '-') 

The top graph shows the positioning of the fibres, 
(simulated blue 'o', forecasted red '+')
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4.1.4 MUAP simulation for 10 fibres

Table 4.4 gives the simulated, initial and final results for the x and y coordinates and 

diameter, d. It is clearly shown that the final results are very close to the simulated 

values in 97 iterations with an infinitely small error. Figure 4.4 illustrates clearly the 

overlap of the coordinates between the simulated and final values as well as the overlap 

between the simulated and final waveforms.

Simulated values (rlO) mm 
Fibre no: 1 2

x 0.0751 
y 0.5817 
d 0.0679

Initial 
Fibre

Values 
no:

x 0.
y o.
d 0.

Results (o 10) 
Fibre no:

x 0
y o
d 0

(zlO) 
1

0750 
5800 
0680
mm 

1
.0750 
.5800 
.0677

-0.6965 
0.4142 
0.0935

mm
2

-0.6960 
0.4140 
0.0930

2
-0.6960 
0.4141 
0.0929

3
-0.7989 
0.1500 
0.0092

3
-0.7990 
0.1510 
0.0090

3
-0.7990 
0.1510 
0.0089

4
-0.7652 

0.7031 
0.0654

4
-0.7650 
0.7030 
0.0660

4
-0.7650 
0.7030 
0.0662

5
0.7562 
0.0350 
0.0262

5
0.7560 
0.0360 
0.0260

5
0.7560 
0.0360 
0.0261

6
0.3750 
0.3946 
0.0328

6
0.3755 
0.3950 
0.0330

6
0.3755 
0.3950 
0.0329

7
0.3180 
0.6158 
0.0983

7
0.3200 
0.6160 
0.0990

7
0.3200 
0.6160 
0.0984

8 9 10
0.8476 -0.3367 0.4152 
0.0399 0.6348 0.8204 
0.0730 0.0478 0.0238

8
0.8500 
0.0400 
0.0730

8
0.8499 
0.0400 
0.0730

9
-0.3370 
0.6350 
0.0480

9
-0.3370 
0.6350 
0.0479

10
0.4150 
0.8200 
0.0240

10
0.4150 
0.8200 
0.0238

Error= 9.0148e-0 16

Table 4.4 MUAP simulation and decomposition for 10 fibres.
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Fig. 4.4 Simulation and decomposition of 10 fibres for a test radius of 1.2 mm.
(simulated blue '.', forecasted red '-') 

The top graph shows the positioning of the fibres, 
(simulated blue 'o', forecasted red '+')
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4.1.5 Summarized results for MUAP simulation using a two-dimensional model

Table 4.5 summarizes the results for the two dimensional models. From the above 

results it is shown that the error (equation 3.4) is minimal.

No of Fibres

1

4

5

10

Test radius (mm)

0.6

0.9

1.0

1.2

No of Iterations

17

58

53

97

Error

4.7475e-u "

1.9997e'013

6.3597e-° 17

9.0148e-° 16

Table 4.5 Summarized results for two-dimensional models.
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4.2 MUAP Simulation and Decomposition Using a Three-Dimensional Model for 
Normal MUAPS

MUAP simulations with 50 fibres using a three-dimensional model were carried out. 

For each experiment initial values, simulated values and forecasted values (results) are 

given for the x-horizontal distance, ^-vertical distance, z-distance, ^/-diameter and t- 

delay. The number of the iterations has been given as a parameter. Plots of the 

simulated and final waveforms are given. Tables A.3.1 and A.3.2 in Appendix 3 give 

the simulated values and the initial values respectively.
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4.2.1 MUAP simulation 1: 50 fibres, number of iterations 251, Error= 8.6774

Table A.3.3 in Appendix 3 gives the final values (results) for the ^-horizontal distance, 

.y-vertical distance, z-distance and ^/-diameter. It is shown that the error is not minimal 

after 251 iterations. Figure 4.5 illustrates a difference between the simulated and the 

final waveform.

1

0

Simulated . Forecasted -

Time(ms)

Fig. 4.5 Simulation and decomposition of 50 fibres for a test radius of 5 mm. 
No of iterations=251.(simulated blue '.', forecasted red '-')
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4.2.2 MUAP simulation 2: 50 fibres, number of iterations 1011, Error=0.0187

Table A.3.4 in Appendix 3 gives the final values (results) for the jc-horizontal distance, 

.y-vertical distance, z-distance and d-diameter. It is shown that in 1011 iterations the 

error is significant smaller than the 251 iterations case but still is not minimal. Figure 

4.6 illustrates the overlap between the simulated and final waveform.

Simulated . Forecasted -

Time(ms)

Fig. 4.6 Simulation and decomposition of 50 fibres for a test radius of 5 mm. 
No of iterations=1011. (simulated blue '.', forecasted red '-')
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4.2.3 MUAP simulation 3: 50 fibres, number of iterations 5065, Error=2.7241e-008

Table A.3.5 in Appendix 3 gives the final values (results) for the jc-horizontal distance, 

>"-vertical distance, z-distance and d-diameter. In this case the final values (results) 

obtained by the previous experiment were used as initial. It is shown that the error is 

infinitely small after 5065 iterations. Figure 4.7 illustrates the closeness of the 

coordinates between the simulated and the final values as well as the overlap between 

the simulated and the final waveform.
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Fig. 4.7 Simulation and decomposition of 50 fibres for a test radius of 5 mm. 
No of iterations=5065. (simulated blue '.', forecasted red '-') 

The top graph shows the positioning of the fibres, 
(simulated blue 'o', forecasted red '+')
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4.2.4 Summarized results for normal MUAP simulation using a three-dimensional 

model

Table 4.6 tabulates the summarized results for a normal MUAP based on the three- 

dimensional model. It is shown that the error is infinitely small in 5065 iterations.

No of Fibres Test radius (mm) No of Iterations Error
50——————————5 251 8.6774

50 5 1011 0.0187

50 5 5065 2.724 le-008

Table 4.6 Summarized results for normal MUAP simulation using a three-dimensional model.
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4.3 MUAP Simulation and Decomposition Using a Three-Dimensional Model for 

Myopathy

MUAP simulations with 50 and 75 fibres using a three-dimensional model have been

carried out for myopathic cases. For each experiment simulated values and forecasted

values (results) are given for the x-horizontal distance, ^-vertical distance, z-distance, d-

diameter and ?-delay. The number of the iterations has been given as a parameter. Plots

of the simulated and final waveforms are given also. Three different cases of myopathic

MUAPS are examined:

A. Loss of half of the fibres (Simulation 1-3)

It has been simulated that half of the fibres were lost from both planes in the MU's

territory. Table A.4.1 in Appendix 4 gives the simulated values for the fibres remained

(20 to 44) for the jc-horizontal distance, y-vertical distance, z-distance, d-diameter and t-

delay. Table A.4.2 in Appendix 4 gives the initial values used.

B. Variability in the diameter (Simulation 4-6)

Table A.4.6 in Appendix 4 gives the simulated values with a change in diameter (the

diameter is twice as big as the diameter in normal cases). Table A.3.2 in Appendix 3

gives the initial values used, which are the same as in the case of the normal MUAP.

C. Reinnervation of fibres (Simulation 7-12)

Two cases of reinnervation of fibres are examined. In the first case 25 fibres have been

added in both planes in MU's territory (simulation 7-9) and the simulated values are

given in Table A.4.10 in Appendix 4. In the second case, 25 fibres have been added in

the right plane of MU's territory (simulation 10-12) and the simulated values are given

in Tables A.4.15 in Appendix 4. Tables A.4.11 and A.4.16 in Appendix 4 give the

initial values used respectively.
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4.3.1 MUAP myopathy simulation 1, loss of half of the fibres: number of iterations 

221, Error=0.3823

Table A.4.3 in Appendix 4 gives the final values (results) for the j-horizontal distance, 

^-vertical distance, z-distance and d-diameter. It is shown that the error is not minimal 

after 221 iterations. Figure 4.8 illustrates the difference between the simulated and the 

final waveform.

Simulated . Forecasted -

Time(ms)

Fig. 4.8 Loss of half of the fibres. Simulation and decomposition of 25 fibres for a test radius 
of 5 mm. No of iterations=221. (simulated blue '.', forecasted red '-')
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4.3.2 MUAP myopathy simulation 2, loss of half of the fibres: number of iterations 

1115,Error=2.0846e-005

Table A.4.4 in Appendix 4 gives the final values (results) for the x-horizontal distance, 

^-vertical distance, z-distance and ^/-diameter. It is shown that the error is minimal after 

1115 iterations. Figure 4.9 illustrates the overlap between the simulated and the final 

waveform.

Simulated . Forecasted -

Time(ms)

Fig. 4.9 Loss of half of the fibres. Simulation and decomposition of 25 fibres for a test radius 
of 5 mm. No of Iterations=l 115. (simulated blue '.', forecasted red '-')
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4.3.3 MUAP myopathy simulation 3, loss of half of the fibres: number of iterations 

1113,Error=3.8031e-007

Table A.4.5 in Appendix 4 gives the final values (results) for the x-horizontal distance, 

^-vertical distance, z-distance and c/-diameter. In this experiment the final values 

(results) of the previous experiment were used as initial values. As we can see the error 

is almost infinitely small. Figure 4.10 illustrates the closeness of the coordinates 

between the simulated and final values as well as the overlap between the simulated and 

final waveform.
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Fig 410 Loss of half of the fibres. Simulation and decomposition of 25 fibres for a test radius
of 5 mm. No of iterations=l 113. (simulated blue '.', forecasted red '-'). 

The top graph shows the positioning of the fibres, (simulated blue 'o', forecasted red '+')
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4.3.4 MUAP myopathy simulation 4, variability in diameter: number of iterations 

251, Error=346.1319

Table A.4.7 in Appendix 4 gives the final values (results) for the ^-horizontal distance,

^-vertical distance, z-distance and ^/-diameter. It is shown that the algorithm didn't 

converge after 251 iterations. Figure 4.11 illustrates the difference between the 

simulated and final waveform.

Simulated . Forecasted -

I 2
Q- 
< 1
LLJ '

0

-1
-2

-3
0 0.5 1 

Time(ms)
1.5

Fig. 4.11 Variability in diameter. Simulation and decomposition of 50 fibres for a test radius 
of 5 mm. No of iterations=251. (simulated blue '.', forecasted red '-')
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4.3.5 MUAP myopathy simulation 5, variability in diameter: number of iterations 

1011,Error=5.9174.

Table A.4.8 in Appendix 4 gives the final values (results) for the x-horizontal distance,

^-vertical distance, z-distance and of-diameter. It is shown that the error is not minimal 

after 1011 iterations. The algorithm executed twice with the same options and the 

previous values were used as input. Figure 4.12 illustrates the difference between the 

simulated and final waveform.

Simulated . Forecasted -

I 2
CL 
< 1
LLJ '

0

-1
-2

-3
0 0.5 1

Time(ms)
1.5

Fig. 4.12. Variability in diameter. Simulation and decomposition of 50 fibres for a test radius 
of 5 mm. No of iterations=1011. (simulated blue '.', forecasted red '-')
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4.3.6 MUAP myopathy simulation 6, variability in diameter: number of iterations 

5066, Error=4.1195e-004

Table A.4.9 in Appendix 4 gives the final values (results) for the x-horizontal distance, 

^-vertical distance, z-distance and d-diameter. It is shown that the error is minimal after 

5066 iterations. The previous results were used as input. Figure 4.13 illustrates the 

closeness of the coordinates between the simulated and final fibres as well as the 

overlap between the simulated and final waveform.
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Fig 413 Variability in diameter. Simulation and decomposition of 50 fibres for a test radius 
of 5 mm. No of iterations=5066. (simulated blue '.', forecasted red '-') 
The top graph shows the positioning of the fibres, (simulated blue 'o', forecasted red '+')
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4.3.7 MUAP myopathy simulation 7, reinnervation of 25 fibres in both planes of 

the MU territory: number of iterations 376, Error=6.3581

Table A.4.12 in Appendix 4 gives the final values (results) for the x-horizontal distance,

^-vertical distance, z-distance and d-diameter. It is shown that the algorithm does not 

converge after 376 iterations. Figure 4.14 illustrates the difference between the 

simulated and final waveform.

Simulated . Forecasted -

Time(ms)

Fig. 4.14 Reinnervation of fibres. Simulation and decomposition of 75 fibres for a test radius 
of 5 mm. Twenty five fibres were reinnervated in both planes of the MU territory. 
No of Iterations=376. (simulated blue '.', forecasted red '-')
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4.3.8 MUAP myopathy simulation 8, reinnervation of 25 fibres in both planes of 

the MU territory: number of iterations 1132, Error=0.0087

Table A.4.13 in Appendix 4 gives the final values (results) for the x-horizontal distance,

^-vertical distance, z-distance and d-diameter. It is shown that the error is smaller than 

in the case of 376 iterations but still not minimal. Figure 4.15 illustrates the overlap 

between the simulated and final waveform.

Simulated . Forecasted -

Time(ms)
Fig. 4.15 Reinnervation of fibres. Simulation and decomposition of 75 fibres for a test radius 

of 5 mm. Twenty five fibres were reinnervated in both planes of the MU territory. 
No of iterations=l 132. (simulated blue '.', forecasted red '-')
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4.3.9 MUAP myopathy simulation 9, reinnervation of 25 fibres in both planes of 

the MU territory: number of iterations 5294, Error=1.7908e-007

Table A.4.14 in Appendix 4 gives the final values (results) for the jc-horizontal distance, 

jy-vertical distance, z-distance and c/-diameter. It is shown that the error is almost 

infinitely small after 5294 iterations. Figure 4.16 illustrates the closeness of the 

coordinates between the simulated and final fibres as well as the overlap between the 

simulated and final waveform.
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Fig. 4.16 Reinnervation of fibres. Simulation and decomposition of 75 fibres for a test radius 
of 5 mm. Twenty five fibres were reinnervated in both planes of the MU territory. 
No of Iterations=5294. (simulated blue '.', forecasted red '-'). 
The top graph shows the positioning of the fibres, (simulated blue 'o', forecasted red '+')
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4.3.10 MUAP myopathy simulation 10, reinnervation of 25 fibres in the right plane 

of the MU territory: number of iterations 376, Error=3.4393

Table A.4.17 in Appendix 4 gives the values (results) for the x-horizontal distance, y- 

vertical distance, z-distance and d-diameter. It is shown that the algorithm didn't 

converge after 376 iterations. Figure 4.17 illustrates the difference between the 

simulated and final waveform.

Simulated . Forecasted -

1
LU

-0.5

Time(ms)

Fig. 4.17 Reinnervation of fibres. Simulation and decomposition of 75 fibres for a test radius 
of 5 mm. Twenty five fibres were reinnervated in the right plane of the MU territory. 
No of iterations=376. (simulated blue '.', forecasted red '-')
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4.3.11 MUAP myopathy simulation 11, reinnervation of 25 fibres in the right plane 

of the MU territory: number of iterations 1113, Error=0.0012

Table A.4.18 in Appendix 4 gives the final values (results) for the x-horizontal distance, 

^-vertical distance, z-distance and J-diameter. It is shown that the error is smaller than 

the 376 iterations case but still is not minimal. Figure 4.18 illustrates the difference 

between the simulated and final waveform.

Simulated . Forecasted -

CL 
< 
LU

-0.5 -

-1

Time(ms)

Fig. 4.18 Reinnervation of fibres. Simulation and decomposition of 75 fibres for a test radius 
of 5 mm. Twenty five fibres were reinnervated in the right plane of the MU territory. 
No of iterations=l 133. (simulated blue '.', forecasted red '-')
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4.3.12 MUAP myopathy simulation 12, reinnervation of 25 fibres in the right plane 

of the MU territory: number of iterations 5295, Error=7.8821e-009.

Table A.4.19 in Appendix 4 gives the final values (results) for the jc-horizontal distance, 

^/-vertical distance, z-distance and ^-diameter. It is shown that the error is almost 

infinitely small after 5295 iterations. Figure 4.19 illustrates the closeness between the 

simulated and final values as well as the overlap between the simulated and final 

waveform.
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0

ymm

-2 -2
-4 -4 xmm

Simulated . Forecasted -

aT <
LLJ

-0.5h

-1

Time(ms)

Fig. 4.19 Reinnervation of fibres. Simulation and decomposition of 75 fibres for a test radius 
of 5 mm. Twenty five fibres were reinnervated in the right plane of the MU territory. 
No of iterations=5295. (simulated blue '.', forecasted red '-').The top graph shows the 
positioning of the fibres, (simulated blue 'o', forecasted red '+')
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4.3.13 Summarized results for myopathy MUAP simulation using a three- 

dimensional model

Table 4.7 shows the results for the simulation and decomposition of myopathic 

MUAPS. It is shown clearly that in all cases the error is infinitely small after 

approximately 5000 iterations.

1.

II.

Ill

IV

Myopathy Simulated

Fibres

Loss of fibres

25

25

25

Variability in diameter

50 

50

50

Initial

Fibres

25

25

25

50 

50

50

Resulted

Fibres

25

25

25

50 

50

50

Test radius

(mm)

5

5

5

5

5

5

No of

Iterations

221

1115

1113

251 

1011

5066

Error

0.3823

2.0846e-005

3.8031e-007

346.1319 

5.9174

4.1195e-004

. Reinnervation of fibres. (25 fibres added in MU territory)

75

75

75

. Reinnervation of fibres. (25 fibres

75

75

75

75

75

75

added in the

75

75

75

75

75

75

right plane of MU

75

75

75

5

5

5

's territory)

5

5

5

376

1132

5294

376

1133

5295

6.3581

0.0087

1.7908e-007

3.4393

0.0012

7.8821e-009

Table 4.7 Summarized results for myopathic MUAPS using a three-dimensional model.
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5. DISCUSSION

The dipole model developed by Dimitrova 1974 and Dimitrov 1987 has been 

investigated for the problem of Model Based Decomposition of MUAPS into their 

Constituent SFEAPS. The non linear least squares optimization procedure based on the 

Levenberg-Marquardt algorithm has been used to obtain a solution to the MUAP 

decomposition problem i.e. fibre distribution and positioning and fibre diameter. 

Models with different complexity, representing normal and abnormal waveshapes have 

been generated and decomposed based on the proposed system. The system has been 

developed using the MATLAB program and consists of two main components, the 

simulation of MUAPS and the decomposition of the MUAPS into their constituent 

SFEAPS for normal and myopathy cases. The experiments and the results obtained are 

discussed below.

5.1 MUAP Simulation and Decomposition Using a Two-Dimensional Model for 

Normal MUAPS

MUAP simulations with 1, 4, 5, and 10 fibres within a test radius of 0.6 mm, 0.9 mm, 

1.0 mm and 1.2 mm respectively have been carried out using the dipole model 

developed by Dimitrova and Dimitrov (Dimitrova 1974; Dimitrov 1987). This model is 

described in Section 2.2.4. The non-linear least-squares algorithm Levenberg- 

Marquardt algorithm, which is described in Section 3.3, was applied to achieve the 

decomposition of the simulated MUAPS into their constituent SFEAPS. The error was 

minimal (4.7475e- n , 1.9997e- 13 ,6.3597e-° 17 , 9.0148e- 16) for the simulations of 1, 4, 5 

and 10 fibres after 17, 58, 53 and 97 iterations respectively and an overlap of the 

coordinates between the simulated and final values as well between the simulated and
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final waveforms has been achieved. The results are satisfactory and they are described 

in detail in Section 4.1.

5.2 MUAP Simulation and Decomposition Using a Three-Dimensional Model for 

Normal MUAPS.

MUAP simulations with 50 fibres within a test radius of 5 mm have been carried out. 

The same dipole model as in the case of two-dimensional models has been applied to 

achieve the simulations with the difference that a 3 rd coordinate has been added. Also 

the non-linear least-squares Levenberg-Marquardt algorithm has been applied to 

achieve the decomposition of the simulated MUAPS into their constituent SFEAPS. 

The algorithm has been repeated for 251, 1011 and 5065 iterations. The results after 

5065 iterations were satisfactory as the error was minimal (2.7241e~8) and an overlap 

between the simulated and the final waveform has been achieved. The description of the 

results is given in detail in Section 4.2.

5.3 MUAP Simulation and Decomposition Using a Three-Dimensional Model for 

Myopathy MUAPS

Changes in the MU architecture affect the results of the MUAP simulations. MUAP 

simulations in cases of myopathy using a three-dimensional model have been carried 

out. The non-linear least-squares Levenberg-Marquardt algorithm again has been 

applied to achieve the decomposition of the simulated MUAPS. The following 

myopathy cases have been examined: 

A. Loss of half of the fibres

A MUAP has been simulated with only 25 fibres out of 50 in the case of the normal MU 

territory. This is a pathological case where half fibres were considered lost. In this case,
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the error during the decomposition after 1113 iterations is infinitely small (3.8031e~7) 

and an overlap between the simulated and final waveform has been achieved. The 

description of the results is given in detail in Sections 4.3.1 - 4.3.3. 

B. Variability in the diameter

A MUAP has been simulated and decomposed with variability in diameter (the diameter 

was twice as big as the diameter in normal cases). The algorithm was repeated for 251, 

1011 and 5066 iterations. The results after 5066 iterations were satisfactory as the error 

was minimal (4.1195e"4) and an overlap between the simulated and final waveform has 

been achieved. The description of the results is given in detail in Sections 4.3.4 - 4.3.6. 

C. Reinnervation of fibres

Two cases of fibre reinnervation have been examined. In the first case, 25 fibres were 

added in both planes of the MU territory. In the second case 25, fibres have been added 

in the right plane of MU territory. The same procedure has been followed as in the 

previous cases. In both cases, the error was minimal (1.7908e~7, 7.8821e") after 5300 

iterations approximately and an overlap between the simulated and final waveform has 

been achieved. The description of the results is given in detail in Sections 4.3.7 - 4.3.12.
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6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions

The MUAP represents the spatial and temporal summation of SFEAPS generated from 

the same motor unit. MUAP morphology is affected by structural reorganisation of the 

motor unit that takes place due to disorders affecting peripheral nerve and muscle. 

MUAP features extracted in the time domain like duration, amplitude and phases are 

extensively used by the neurophysiologist for the assessment of neuromuscular 

disorders. In this study, a model based decomposition of MUAPS into their constituent 

SFEAPS has been investigated.

Initially, the two-dimensional mathematical model developed by Dimitrova and 

Dimitrov (Dimitrova 1974; Dimitrov 1987) has been used to generate SFEAPS. The 

two dimensional model was then extended to a three-dimensional model. Typical 

MUAPS recorded from normal and myopathic muscle have been simulated. The non 

linear least squares optimization procedure based on Levenberg-Marquardt algorithm 

has been used to obtain a solution to the MUAP decomposition problem i.e. fibre 

distribution and positioning and fibre diameter. Two-dimensional and three-dimensional 

models for normal MUAPS consisting of 1, 4, 5, 10 and 50 fibres respectively were 

developed and decomposed for a small receding radius up to 5 mm. Also three- 

dimensional models have been developed and decomposed for the myopathic cases 

(loss of fibres, variability in the diameter and reinnervation). In all the models 

investigated, satisfactory results have been obtained within a rather limited number of 

iterations.

These findings suggest that an "estimated" visualization of the structural organisation of 

the motor unit can be derived. This visualization gives to the neurophysiologist
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information about the number of fibres, fibre distribution and positioning and fibre 

diameter for the simulated cases investigated.

The main contributions of this study are:

a. The extension of the two-dimensional model developed by Dimitrova and Dimitrov

to a three-dimensional model and;

b. The development of a new method to aid the neurophysiologist in gaining a better

assessment of the muscle structural organisation.

Future work will investigate the usefulness of the proposed new method on MUAPS 

recorded from normal subjects and subjects suffering with neuromuscular disorders.

6.2 Future Work

In this study simulated MUAPS have been developed based on the mathematical dipole 

model and then decomposed into their constituent SFEAPS using the Levenberg- 

Marquardt non linear least-squares optimisation algorithm. Although a limited number 

of MUAPS have been developed the results illustrate that the methodology followed is 

appropriate and promising. However, more work has to be carried out. Moreover, to the 

best of the Author's knowledge, this approach has not yet been investigated by other 

researches but only for the decomposition of surface EMG into SFEAPS and needle 

EMG into MUAPS. Possible directions of future research can be summarized as 

follows:
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A. Decomposition of real EMG signals

The methodology proposed in this study could be followed for the decomposition of 

MUAP signals recorded from both normal subjects as well as from subjects suffering 

with neuromuscular disorders. The MUAP signals should be recorded at slight 

voluntary contraction so that they can be easily identified and segmented. Moreover, the 

usefulness of the proposed methodology could be investigated for decomposing 

interference pattern EMG signals recorded at higher force. These recordings could be 

carried out using either needle or surface electrodes. It is well understood that trying the 

proposed methodology in the cases of signals recorded at higher force with both needle 

and/or surface electrodes is a very difficult task, however it is worth of investigating. 

This investigation could be carried out in collaboration with the Department of Clinical 

Neurophysiology of the Cyprus Institute of Neurology and Genetics, with which our 

team is strongly collaborating.

B. Decomposition of signals using other optimisation algorithms

The use of other optimisation algorithms based on evolutionary computation (Fogel 

1995, Michalewicz 1995) could also be investigated. Most importantly a hybrid 

optimisation methodology can be followed, where the evolutionary algorithm is used to 

compute an initial solution to the optimisation problem, and then, the classical least- 

squares optimisation technique can be used to derive the final solution. This approach 

has already been used successfully in other optimisation problems, including optimal 

bandwidth allocation in communication links (Pitsillides et. al. 2002).
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C. Simulation of MUAPS using more complicated SFEAP models 

SFEAP decomposition based on more complicated models could also be developed. 

These models could take into account the spatial coordinates, and the fibre diameter (as 

was the case of this study), as well as the delay information between the signal 

generators and the recording electrode. In addition, the firing statistics of the SFEAP 

signals can also be taken into consideration.

D. Training Software

The methodology followed in this study could be easily expanded with additional

functionality and a user friendly interface that can be used for the simulation of MUAPS

under different disease processes. The system could be used for training new

neuroscientists.

It is hoped that this study will help in the understanding of muscle structure and 

pathophysiology, contributing towards the development of new techniques, aiding the 

neurophysiologist in gaining a better assessment of the muscle structural organisation. 

This could be eventually lead to the offering of a better service to the citizen.
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APPENDIX 1

MATLAB FUNCTIONS FOR TWO-DIMENSIONAL MODELS

A. 1.1 FUNCTION INVMUAP

function invmuap=:invmuap(z);
% columns of matrix
% 11,12,13 1415-x
% 21,22,23,24,25-y
% 31,32,33,34,35-d
% nr = real number of fibres constint
% nc = calculated number of fibres
v=4;kan=5;vm=l;si=1.01;sx=0.33;sy=0.63;
nc=l;
pcalc=0;
% 1 fibre r=[0.3750 0.3946 0.0328]';
% 4 fibre
r=[0.0751 0.3750 0.3180 -0.3367;0.5817 0.3946 0.6158 0.6348;0.0679 0.0328 0.0983
0.0478];
% not used 3 fibres r=[0.0644 -0.4002 0.2843;0.0083 0.1571 0.3826;0.0899 0.0700
0.0651];
% 5 fibres
% r=[0.0751 -0.06965 0.3750 0.3180 -0.3367;0.5817 0.4142 0.3946 0.6158 0.6348;
0.0679 0.0935 0.0328 0.0983 0.0478];
% 10 fibres r=[0.0751 -0.6965 -0.7989 -0.7652 0.7562 0.3750 0.3180 0.8476 -0.3367
0.4152;0.5817 0.4142 0.1500 0.7031 0.0350 0.3946 0.6158 0.0399 0.6348
0.8204;0.0679 0.0935 0.0092 0.0654 0.0262 0.0328 0.0983 0.073 0.0478 0.0238];

p_reall=tot_out3(v,r(l,l)*10A(-3),r(2,l)*10A(-3),r(3,l)*10A(-3),kan,vm,si,sx,sy); 
p_calcl=tot_out3(v,z(l,l)*10A(-3),z(2,l)*10A(-3),z(3,l)*10A(-3),kan,vm,si,sx,sy);

p_real2=tot_out3(v,r(l ,2)* 10A(-3),r(2,2)* 10A(-3),r(3,2)* 10A(-3),kan,vm,si,sx,sy); 
p_calc2=tot_out3(v,z(l,2)*10A(-3),z(2,2)*10A(-3),z(3,2)*10A(-3),kan,vm,si,sx,sy);

P_real3=tot_out3(v,r(l,3)*10A(-3),r(2,3)*10A(-3),r(3,3)*10A(-3),kan,vm,si,sx,sy); 
P_calc3=tot_out3(v,z(l,3)*10A(-3),z(2,3)*10A(-3),z(3,3)*10A(-3),kan,vm,si,sx,sy);

P_real4=tot_out3(v,r(l,4)*10A(-3),r(2,4)*10A(-3),r(3,4)*10A(-3),kan,vm,si,sx,sy); 
p_calc4=tot_out3(v,z(l ,4)* 10A(-3),z(2,4)* 10A(-3),z(3,4)* 10A(-3),kan,vm,si,sx,sy);

% p_real5=tot_out3(v,r(l ,5)* 10A(-3),r(2,5)* 10A(-3),r(3,5)* 10A(-3),kan,vm,si,sx,sy); 
%p_calc5=tot_out3(v,z(l,5)*10A(-3),z(2,5)*10A(-3),z(3,5)*10A(-3),kan,vm,si,sx,sy);

% p_rea!6=tot_out3(v,r(l ,6)* 10A(-3),r(2,6)* 10A(-3),r(3,6)* 10A(-3),kan,vm,si,sx,sy); 
% p_calc6=tot_out3(v,z(l ,6)* 10A(-3),z(2,6)* 10A(-3),z(3,6)* 10A(-3),kan,vm,si,sx,sy);

%p_real7=tot_out3(v,r(l,7)*10A(-3),r(2,7)*10A(-3),r(3,7)*10A(-3),kan,vm,si,sx,sy);
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0.% p_calc7=tot_out3(v,z( 1,7)* 10A(-3),z(2,7)* 10A(-3),z(3,7)* 10A(-3),kan,vm,si,sx,sy);

% p_real8-tot_out3(v,r(l,8)* 10A(-3),r(2,8)* 10A(-3),r(3,8)* 10A(-3),kan,vm,si,sx,sy); 
%p_calc8-tot_out3(v,z(l,8)*10A(-3),z(2,8)*10A(-3),z(3,8)*10A(-3),kan,vm,si,sx,sy);

% p_rea!9=tot_out3(v,r(l ,9)* 10A(-3),r(2,9)* 10A(-3),r(3,9)* 10A(-3),kan,vm,si,sx,sy); 
%p_calc9=tot_out3(v,z(l,9)*10A(-3),z(2,9)*10A(-3),z(3,9)*10A(-3),kan,vm,si,sx,sy);

%p_reallO=tot_out3(v,r(l,10)*10A(-3),r(2,10)*10A(-3),r(3,10)*10A(- 
3),kan,vm,si,sx,sy);
% p_calc 10=tot_out3 (v,z( 1,10)* 10A(-3),z(2,10)* 10A(-3),z(3,10)* 10A(- 
3),kan,vm,si,sx,sy);

p_rtot=p_real 1 +p_real2+p_real3+p_real4; 
P_ctot=p_calcl+p_calc2+p_calc3+p_calc4;

invmuap=p_rtot-p_ctot;

A. 1.2 FUNCTION TOT_OUT3

function tot_out3=tot_out3(v,xO,yO,d,kan,vm,si,sx,sy) 
total=0;
for t=0:6.2* 10A(-2):6.2* 10A(-1), 
tx=(0:10A(-2):t); 
k 1 =out3 (kan, v,tx,xO,yO); 
total=[kl]; 

end

ce=c 1 (d,kan,vm,si,sx,sy); 
tot out3=-ce*total;

A. 1.3 FUNCTION OUT3

function out3=out3(kan,v,tx,xO,yO)
% ixl='72234*xA5*exp(-l l*x)'
%diff_fxl=(exp(-H*x))*(361170*xA4-794574*xA5)
% wfl=-l/(xA2+yOA2))A(3/2)*x;
x-v*tx;
diffl-exp(-ll*x);
diffi=361170*x. A4-794574*x. A5;
diff_fxl-diffl.*diff2;
%wfll=x.A2+5*yOA2;
%wfll-wfll.A(3/2);
%wfl=-wfll.*x;
wfl =diff_ran(kan,xO,yO,0,x);
out3=conv(diff_fx 1 ,wfl);

00
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A. 1.4 FUNCTION DIFF_RUN

function diff_ran=diff_ran(kan,xO,yO,y,x)

% Rosenfalk Value: kan=5

% ran='((x-xO)A2+kan* (y-yO) A2)A 1 /2'

%inv_ran-(x-xO)A2+kan*(y-yO)A2)A(-l/2)'

% diffjan=diff(inv_ran,'x')

%diff_ran=-l/2/((x-xO)A2+kan*(y-yO)A2)A(3/2)*(2*x-2*xO) 

diff_ran=(x- xO).A2;

diff_ran=diff_ran+kan*(y-yO)A2; 

diff_ran=diff_ran. A(3/2); 

diff_ran=- 1 /2*diff_ran A(- 1 ); 

diff_ran=diff_ran.*(2*x-2*xO);

A. 1.5 FUNCTION COMMUAPN

function commuapn=commuapn(rn,on,count,co unto);
% count - real number of fibers
% counto - calculated number of fibers
v=4;dl=45*10A(-6);kan=5;vm=l;si=1.01;sxK).33;sy=0.63;n=l;pers=0;
d2=55 * 1 0A(-6);d3=50* 1 0A(-6);d4=48* 1 0A(-6);d5=49* 1 0A(-6);
if count==l ptitle='A. Test radius=0.6mm No of fibres=l';
end
if count==4 ptitle='B. Test radius=0.9mm No of fibres=4';
end
if count==5 ptitle='C. Test radius= 1.0mm No of fibres=5';
end
if count=:=10 ptitle='D. Test radius=1.2mm No of fibres=10';
end
muap_real=0;
muap_real_anat=[] ;
muap_out=0;
muap_out_anat= [] ;

ox=Q; 
oy=D; 
od=D;
r=rn;

real values *****************
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fori=l:count
rx-[rx;r(l,i)];
ry=[ry;r(2,i)];
rd=[rd;r(3,i)];
p_real=tot_out3(v,r( 1 ,i)* 1 0A(-3),r(2,i)* 1 0A(-3),r(3,i)* 1 0A(-3),kan,vm,si,sx,sy);
muap_real=muap_real+p_real ;
muap_anat_real=[muap_anat_real ;p_real] ; 

end
o/0 ************ output values *************** 
for i=l:counto

ox=[ox;o(l,i)]; 
oy=[oy;o(2,i)]; 
od=[od;o(3,i)];
p_out=tot_out3(v,o(l,i)*10A(-3),o(2,i)*10A(-3),o(3,i)*10A(-3),kan,vm,si,sx,sy); 
muap_out=muap_out+p_out; 
muap_anat_out=[muap_anat_out;p_out]; 

end

s=[0: 1:128];
if count==l figure(l);end
if count=:=:4 figure(2);end
if count==5 figure(3);end
if count==: 10 figure(4);end
subplot(4,2,l),plot(rx,ry,'yo',ox,oy,'c* t);xlabel(lxmm'),ylabel('ymml),title(ptitle);axis([-
1.2 1.201.2]);
subplot(4,2,2),plot(s(l : 125),muap_real(l : 125),'y-
\s(l:l25),muapj3ut(l:U5),'c^xlabd('Samp\esy,y\abe\('Amplitude');axis([0 125-0.7
0.4]);
% old rem
subplot(2,2,3),plot(ry(l:count),rd(l:count),'y.');xlabel(1y(mm)'),ylabel('Diameter(m)'),titl
e('Real Diameters / Vertical distance 1);
% old rem 
subplot(2,2,4),plot(oy(l:count),od(l:count), lc+');xlabel('y(mm)'),ylabel('Diameter(m)'),t
itle('Calc. Diameters / Vertical distance'); 
% old rem figure(2); 
mdiff=(muap_real-muap_out); 
msquare=mdiff. A2 ; 
msum=sum(msquare)
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APPENDIX 2 

MATLAB FUNCTIONS FOR THREE-DIMENSIONAL MODELS

A.2.1 FUNCTION SIMU0208

function simu0208=simu0208;
n=50; % no of fibers
% p=rand(5,50);
load real_p; %equal with rand(5,50)
p=real_p;
% pll,p!2....xl-x coordinate of end plates
% p21,p22 .... yl - y coordinate of end plates
% p31,p32 .... zl - z coordinate of end plates
% p4 1 ,p42 . . . . diameter of each fiber
% p51,p52 .... delay of cap of each fiber

fori=l:5, 
forj=l:50,

elseif i==2
p(ij)=p(ij)*2.5; 

elseif i==3
p(iJ)=P(iJ)*2.5;

p(ij)=(abs(p(ij)*12-6)+50)*10A(-2); 
else
p(ij)=abs(p(i,j))*10; 

end; 
end 

end

fori=l:5, 
forj=l:25, 
ifi=l

end; 
ifi=2

end; 
ifi=3

P(i,j) 
end; 

end 
end
P
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%Add EAPS

% sample p_real=[er_l;zeros(zr 1,1 );er_2;zeros(zr2,l);er_3;zeros(zr3,l)];

% generation of real signal from all fibers
% sumextra=[];
simuout=0;
v=4;vm=l;si=1.01;sx-0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3); 
forj=l:50,

e=extra(v,p(l,j),P(2,j),p(3,j),xO,yO,zO,p(4,j),vm,si,sx,sy);
simuout=simuout+e;

end
figure (1) 
l=length(e) 
t=[0.002:0.01:2];
plot(t(l :l),simuout(l :l)),xlabeI(Time(ms) l),ylabel('EAP(mv)'),title( lEAP in Time'); 
save simuout

simuout=0; 
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);

forj=l:50,
e=extra(v,p(lj),p(2j),p(3j),xO,yO,zO,p(4j),vm,si,sx,sy);
simuout=simuout+e; 

end

figure (3)
ls=length(simuout)
l=length(e)
t=[0.002:0.01:2];
plot(t(l :l),simuout(l :l)),xlabel('Time(ms)'),ylabel('EAP(mv)'),title('EAP in Time');

A.2.2 FUNCTION NORMAL2

function normal2=:nornial2(z);
% this function is used to simulate normal muap and then decompose
%load final z to be used as z

%Add EAPS

% generation of the calculated signal from all fibers using z

fl— 0"

v=4;vm=l ;si=l .01 ;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO-0;test_radius=5* 10A(-3);
forj'=l:50, 

e=extra(v,z(lj),z(2,j),z(3,j),xO,yO,zO,z(4,j),vm,si,sx,sy);
calextra=calextra+e;
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end

% keep z 
temp_z=z;

%%%%%%%%% known signal %%%%%%%%%%%%%%%%%%%%%%%%%
load real_p; %50 fibers
p=real_p;

fori=l:5, 
for j= 1:50, 

ifi==l
P(ij)=p(ij)*2.5; 

elseif i=2

elseif i==3
p(ij)=p(ij)*2.5; 

elseif i==4
p(i,j)=(abs(p(i,j)* 1 2 -6)+50)* 1 0A(-2); 

else
p(i,j)=abs(p(i,j))*10;

end; 
end 

end

% half fibers are positioned before zero (x,y,z) 
fori=l:5, 
forj=l:50/2, 
ifi=l

end; 
ifi=2

end; 
ifi=3

end; 
end 

end
%p_modif:=p; 
%save p_modif;

% retrieve z 
z=temp_z;

% generation of real signal from all fibers
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test_e=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test radius=5*10A(-3); 
forj=l:50,

e=extra(v,P(l,j),p(2,j),p(3,j),xO,yO,zO,p(4,j),vm,si,sx,sy);
test_e=test_e+e;
end

figure(l)
t=[0.002:0.01:2];
l=length(test_e);
subplot(l,l,l),plot(t(l :l),calextra(l :l),'r-
',t(l :l),test_e(l :l),'b.'),xlabel('Time(ms) t),ylabel('EAP(mv)'),title(1 Simulated . Forecasted

differ=test_e-calextra;

%%%% calc error %%%%% 
mdiff=differ; 
msquare=mdiff. A2; 
msum=sum(msquare); 
merror=msum 
normal2=differ;

A.2.3 FUNCTION HALFLOSS

function halfloss=halfloss(z);
% this function is used to simulate myopathic muap (half fibres are lost) and then
decompose
%load zhalf to be used as z

%Add EAPS

% generation of the calculated signal from 25 fibers using z

v=4;vm-l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);
forj'=20:44, 

e=extra(v,z(lj),z(2,j),z(3,j),xO,yO,zO,z(4,j),vm,si,sx,sy);
calextra=calextra+e; 

end
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% keep z 
final_z=z;

%%%%%%%%% known signal %%%%%%%%%%%%%%%%%%%%%%%%%
load phalf; %25 fibers
p=phalf;

% retrieve z 
z=fmal z;

% generation of real signal from half fibers

test_e=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);
forj=20:44,

e=extra(v,p(l,j),p(2,j),p(3,j),xO,yO,zO,p(4,j),vm,si,sx,sy);
test_e=test_e+e;
end

figure(l)
t=[0.002:0.01:2];
l=length(test_e);
subplot(l,l,l),plot(t(l :l),calextra(l :l),'r-
',t(l :l),test_e(l:l),'b.'),xlabel('Time(ms)l),ylabel('EAP(mv)'),title('Simulated . Forecasted

differ=test_e-calextra;

%%%% calc error %%%%% 
mdiff=differ; 
msquare=mdiff. A2; 
msum=sum(msquare); 
merror=msum 

halfloss=differ;

A.2.4 FUNCTION DIAM2 

function diam2=diam2(z);
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% this function is used to simulate myopathic muap (double diameter) and then
decompose
%load final z to be used as z

%Add EAPS

% generation of the calculated signal from all fibers using z

calextra=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);
forj=l:50,

e=extra(v,z(l,j),z(2,j),z(3,j),xO,yO,zO,z(4,j),vm,si,sx,sy);
calextra=calextra+e;

end

% keep z 
temp_z=z;

%%%%%%%%% known signal %%%%%%%%%%%%%%%%%%%%%%%%%
load real_p; %50 fibers
p=real_p;

fori=l:5, 
forj=l:50, 

ifi=l
P(i,j)=p(ij)*2.5; 

elseif i==2
P(ij)=p(ij)*2.5; 

elseif i==3 
P(ij)=p(ij)*2.5;

elseif i==4 
p(i,j)=((abS(p(i,j)*12-6)+50)*10-(-2))*2;

else 
p(ij)=abs(p(ij))*10;

end; 
end 

end

% half fibers are positioned before zero (x,y,z) 
fori=l:5, 
forj=l:50/2,

end; 
ifi=2

96 
Maria Xyda



Model Based Decomposition of MUAPS into their Constituent SFEAPS

end; 
ifi=3

end; 
end 

end

% retrieve z 
z=temp_z;

% generation of real signal from all fibers

test_e=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3); 
forj=l:50,

e=extra(v,p(l,j),p(2,j),p(3,j),xO,yO,zO,p(4J),vm,si,sx,sy); 
test_e=test_e+e; 

end

figure(l)
t=[0.002:0.01:2];
l=length(test_e);
subplot(l, 1, l),plot(t( 1 :l),calextra(l :l),'r-
',t(l:l),test_e(l:l),'b. l),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('Simulated . Forecasted

differ=test_e-calextra;

%%%% calc error %%%%% 
mdiff=differ; 
msquare=mdiff. A2; 
msum=sum(msquare); 
merror=msum 

diam2=differ;

A.2.5 FUNCTION REIN 1

function rein l=rein(z);
% this function is used to simulate myopathic muap (halt fibres are reinervated)
% in MU's territory and the decompose
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% z is created from cr_reizl and save as zrenl .mat

%Add EAPS

% generation of the calculated signal from all fibers using z

calextra=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3); 
forj=l:75,

e=extra(v,z(l,j),z(2,j),z(3,j),xO,yO,zO,z(4,j),vm,si,sx,sy);
calextra=calextra+e;

end
%figure(l) 
%l=length(e); 
%t=[0.002:0.01:2]; 
%plot(t(l :l),calextra(l :l)),xlabel('Time(nis)'),ylabel('EAP(mv)'),title( lEAP in Time');

final_z=z;
%%%%%%%%% known signal %%%%%%%%%%%%%%%%%%%%%%%%%
% p=rand(5,50);
load real_p; %50 fibers
p=real_p;

z=final z;

fori=l:5, 
forj=l:50, 

ifi=l

elseif i=2
p(i,j)=p(ij)*2.5; 

elseif i==3
p(i,j)=p(ij)*2.5;

elseif i==4 
p(i,j)=(abs(p(i,j)*12-6)+50)*l(n-2) ;

else 
p(i,j)=abs(p(i,j))*10;

end; 
end 

end

% half fibers are positioned before zero (x,y,z)
for i= 1:5, 
forj=l:50/2, 

ifi=l
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end; 
ifi=2

end; 
ifi=3

end; 
end 

end
%p_modif=p; 
%save p_modif

%generate real signal from 50 fibres

test_e=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);
forj=l:50,

e=extra(v,p(lj),p(2j),p(3j),xO,yO,zO,p(4,j),vm,si,sx,sy);
test_e=test_e+e;
end

%figure (2)
%l=length(test_e);
%H0.002:0.01:2];
%plot(t(l :l),test_e(l :l)),xlabel(Time(ms)'),ylabel('EAP(niv) t),title('EAP in Time1);

0% add to the real signal 25 fibers only positive numbers p_half=rand(5,25)

load p_half;
p=p_half;
% position fibres in 5 mm test area and modify diameter to be in normal ranges

fori=l:5, 
forj=l:25, 

ifi=l 
p(i,j)=p(ij)*2.5;

elseif i==2
p(i,j)=p(ij)*2-5; 

elseif i=-3
p(i,J)=P(U)*2.5;

elseif i==4 
p(i,JHabs(p(i,j)*12-6)+50)*10-(-2) ;

else 
p(i,j)=abs(p(i,j))*10;

end; 
end 

end
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% 1 2 fibers are positioned before zero (x,y,z)

fori=l:5, 
forj=l:12, 

ifi=l

end; 
ifi=2

end; 
ifi=3

end; 
end 

end 
prl=p; 
save prl ;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3); 
for j= 1:25,

e=extra(v,p(l,j),p(2,j),p(3,j),xO,yO,zO,p(4,j),vm,si,sx,sy);
test_e=test_e+e; 
end

%figure (3) 
%l=length(test_e); 
%t=[0.002:0.01:2]; 
%plot(t(l :l),test_e(l :l)),xlabel('Time(ms)'),ylabel('EAP(mv)'),title('EAP in Time');

figure(4)
t=[0.002:0.01:2];
l=length(test_e);
%subplot(2,2,l),plot(t(l:l),test_e(l:l)),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('Simul
ated EAP in Time');
%subplot(2,2,2),plot(t(l:l),calextra(l:l)),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('Calc
ulated EAP in Time');
%subplot(2,2,3),plot(t(l :l),calextra(l :l),'y-
',t(l:l),test_e(l:l),'c.'),xlabel('Time(ms)'),ylabel('EAP(mv)l),title('comparison');
subplot(l,l,l),plot(t(l :l),calextra(l :l),'r-
',t(l :l),test_e(l :l), rb.'),xlabel(lTime(ms)'),ylabel(IEAP(mv)'),title('Simulated . Forecasted'

differ=test_e-calextra; 

%%%% calc error %%%%%
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mdiff-differ; 
msquare=mdiff.A2; 
msum=sum(msquare); 
merror^msum 

rein 1-differ;

A.2.6 FUNCTION REIN2

function rein2=rein2(z);
% this function is used to simulate myopathic muap (half fibres are reinervated)
% in MU's territory and the decompose
% z is created from cr reiz2 and save as zren2.mat

%Add EAPS

% generation of the calculated signal from all fibers using z

calextra=0;
v=4;vm=l;si=1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);
forj=l:75,

e=extra(v,z(lj),z(2,j),z(3,j),xO,yO,zO,z(4,j),vm,si,sx,sy);
calextra=calextra+e;
end

%figure (1) 
%l=lengih(e); 
%t=[0.002:0.01:2]; 
%plot(t(l :l),calextra(l :l)),xlabel('Time(ms)'),ylabel('EAP(mv)'),title(1EAP in Time');

final z=z;
%%%%%%%%% known signal %%%%%%%%%%%%%%%%%%%%%%%%%
% p=rand(5,50);
load real_p; %50 fibers
p=real_p;

z=final z;

fori=l:5, 
forj=l:50, 

ifi=l

elseif i==2 
P(ij)-P(i

elseif i=3 
p(i,J)=P(i

elseif i=4
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p(i,j)=(abs(p(i,j)* 1 2 -6)+50)* 1 0A(-2); 
else

p(ij)=abs(p(ij))*10;

end; 
end 

end

% half fibers are positioned before zero (x,y,z) 
fori=l:5, 
forj=l:50/2, 

ifi==l

end; 
ifi=2

end; 
ifi==3

end; 
end 

end
%p_modif=p; 
%save p_modif

%generate real signal from 50 fibres

test_e=0;
v=4;vm=l;si=1.01;sx=0.33;sy-0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3);
forj=l:50,

e=extra(v,p(l,j),p(2,j),p(3,j),xO,yO,zO,p(4,j),vm,si,sx,sy);
test_e=test_e+e;
end

%figure (2)
%l-length(test_e);
%t=[0.002:0.01:2];
%plot(t(l :l),test_e(l :l)),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('EAP in Time');

% add to the real signal 25 fibers only positive numbers p_half=rand(5,25)

load p_half;
p=p_half;
% position fibres in 5 mm test area and modify diameter to be in normal ranges

fori=l:5, 
forj=l:25, 

ifi=l
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elseifi==2
P(i,j)=p(ij)*2.5; 

elseifi==3

elseif i==4
p(i,j)=(abs(p(i,j)*12-6)+50)*10A(-2); 

else
p(ij)=abs(p(i,j))*10;

end; 
end 

end 
pr2=p; 
save pr2;

v=4;vm=l;si-1.01;sx=0.33;sy=0.063;n=5;xO=0;yO=0;zO=0;test_radius=5*10A(-3); 
forj=l:25,

e=extra(v,p(l,j),p(2,j),p(3,j),xO,yO,zO,p(4,j),vm,si,sx,sy);
test_e=test_e+e;
end

%figure (3) 
%l=length(test_e); 
%t=[0.002:0.01:2]; 
%plot(t(l :l),test_e(l :l)),xlabel(Time(ms) t),ylabel('EAP(mv)1 ),title('EAP in Time');

figure(4)
t=[0.002:0.01:2];
l=length(test_e);
%subplot(2,2,l),plot(t(l:l),test_e(l:l)),xlabel('Time(ms)'),ylabel('EAP(mv)'),title( I Simul
ated EAP in Time');
%subplot(2,2,2),plot(t(l:l),calextra(l:l)),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('Calc
ulated EAP in Time');
%subplot(2,2,3),plot(t(l :l),calextra(l :l),'y-
',t(l:l),test_e(l:l),'c.'),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('comparison');
subplot(l,l,l),plot(t(l :l),calextra(l :l),'r-
',t(l :l),test_e(l :l),'b.'),xlabel(Time(ms)'),ylabel('EAP(mv)'),title('Simulated . Forecasted

differ=test_e-calextra;

%%%% calc error %%%%% 
mdifF=differ; 
msquare=mdiff.A2; 
msum=sum(msquare); 
merror=msum 

rein2=differ;
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A.2.7 FUNCTION EXTRA

function extra=extra(v,xl ,y 1 ,zl ,xO,yO,zO,d,vm,si,sx,sy)
% function that calculates extra cellular action potential... Jul 1996
% xl,yl,zl coordinates of end plate
% xO,yO,zO coordinates of electrode
% after Bulgaria
kan=5;
% fibre length in mm

1=100;
b=5; 

extra=[]; 
%fort=0:1.375:(l/2+b)/v,

f=conv(fi_diff(v),ran_diff(v,xl,yl,zl,xO,yO,zO)); 
extra=[extra;f]; 

% end
ce=cl(d,kan,vm,si,sx,sy); 
extra=-ce* extra; 
l=length(extra);

% plot
%t=[0.002:0.01:2];
% plot(t(l:l),extra(l:l)),xlabel('Time(ms)'),ylabel( lEAP(mv)'),title('EAP in Time');

A.2.8 FUNCTION FI_DIFF

function fi_diff=fi_diff(v)
% this function calculates the first time derivative of
% intracellular action potential
% intracellular : fi='al*xAa2*exp(-a3*x)'
% fi_diff =al *xAa2*a2/x*exp(-a3*x)-al *xAa2*a3*exp(-a3*x)
% coefficients :
al =9.179951; a2=4.813291; a3=2.806631; 

% for
% asymmetry kas=3.5, b=5mm 
% v is input as 4m/s 
% the step :

dt=0.02;

fi_diff_x=[];
% here the spatial derivative is computed
for 1=0.001:0.02:2,
x=v*t;
fl=al*xAa2;
f2=a2/x;
f3=exp(-a3*x);
f4=al*xAa2*a3;
f5=exp(-a3*x);
ftotal=fl*f2.*f3-f4.*f5;
fi_diff_x=[fi_diff_x;ftotal];
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end

%temporal derivative fi_diff=fi_diff_x*v*dt, where dt=0.02 the step
fi_diff=v*dt*fi_diff_x;
%t=[0.001:0.02:2];

% plot(t,fi_diff),xlabel(Time (ms)'),title('IAP first temporal derivative'),axis([0 8-1 1]);

A.2.9 FUNCTION RAN_DIFF

function ran_diff=ran_diff(v,x 1 ,y 1 ,z 1 ,xO,yO,zO)
% this function calculates the first time derivative of
% distance of electrode(xO,yO,zO) from the end plate(xl,yl,zl)
% Anisotropicity of the medium :

kan=5;
% xO,yO,zO : the coordinates of electrode from motor center 
% x,y,z : the coordinates of signal propagates along the fibre 
% from motor center
% distance : ran='((x+xl-xO)A2+kan(yl-yO)A2+kan(zl-zO)A2)A0.5' 
% first spatial derivative of I/ran :
% ran_diff ='-.5/((x+x 1 -xO)A2+kan*(y 1 -yO)A2+kan*(zl-zO)A2)A l .5*(2*x+2*xl-2*xO)' 
% the step :

dt=0.02;

ran_diff_x=[];
% here the spatial derivative is computed
for 1=0.001:0.02:2,
x=v*t;
fl =-. 5/((x+x 1 -xO)A2+kan* (y 1 -yO)A2+kan* (z 1 -zO)A2)A 1.5;
f2=(2*x+2*xl-2*xO);
ftotal=fl.*f2;
ran_diff_x=[ran_diff_x;ftotal];
end

%temporal derivative ran_diff=ran_diff_x*v*dt, where dt=0.02 the step 
ran_diff=v*dt*ran_diff_x;
%t=[0.001:0.02:2];
% plot(t,ran_diff),xlabel(Time (ms)'),title('l/ran first temporal derivative');

A.2.10 FUNCTION Cl

function c 1 =c 1 (d,kan,vm,si,sx,sy)
% vm=l (IAP amplidute) si,sx,sy (Rosenfalk Values),d (Fibre Diameter)

% kan-5
san=(sx*sy)A l/2;
cl=(dA2*kan*vm*si)/(16*san);
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