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Technology Assessment 

Clinical electromyography (EMG) plays an important role in the diagnosis and follow-up studies of 
neuromuscular disorders. Of fundamental importance to this technique is the information that the 
EMG may offer on the function and structure of motor units, the fundamental units of a muscle. Until 
now, in clinical diagnosis most often needle-EMG is used. This invasive procedure uses 
intramuscular needies of a variety of types to closely approach the motor units with the recording tip 
of the needle. Their main disadvantage is the stress and pain they cause the pa ti ent; besides, they are a 
potential souree of infections. Moreover, many diagnostic issues re late to children, for whom this type 
of investigation is especially cumbersome. Consequently, each opportunity to obtain methods of 
EMG that are less invasive should be given serious consideration. 

Two years ago, a project, supported by SLW/STW, has started with the aim to obtain an easily 
applicable method to quantify motor units, using a topographical analysis of the surface-EMG. The 
results of the method to be developed will have to comply both in contents and in form to the present 
clinical EMG results to facilitate its introduction. It is conceivable however, that this new surface
EMG topography will yield information that goes beyond the present possibilities. Finally, a surface 
electromyographic technique has greater reproducibility than needle-EMG, which forms a great 
advantage for follow-up studies. 

This master's thesis forms a part ofthis project. 

Technology Assessment 
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Summary 

In clinical ElectroMyoGraphy (EMG) neuromuscular diseases are generally diagnosed by needie 
EMG. Needie EMG is an invasive, loca1 signa! acquisition and analysis method. lts aim is to visualise 
action potentials from motor units, the functional units of muscles. In recent research, the focus has 
been shifted to surface EMG, in which electrades are placed on the human skin. In this thesis, volume 
conduction theory is dealt with for an anisotropic inhomogeneous volume conductor. This theory is 
applied in a model, Anvolcon. With this model it is possible to simulate motor units in a cylindrical 
layer model with the specific properties of muscle, fat, skin and bone tissue. An important parameter 
in the volume conduction model is the conductivity of the human skin layer. Measurements showed 
that the conductivity of the human skin is high (0.95 ± 0.35 il1 

m-
1
) relative to that of the underlying 

layers. Furthermore, this conductivity increases with temperature (0.0 15 il1 
m -J per 1 "C). Simulations 

showed that this high conductivity value is essential to understand the !ow-amplitude and distributed 
potentials at the surface ofthe skin that were found in earlier surface EMG measurements. 

Summary 
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Chapter 1 

Introduetion to electromyography 

In this chapter general aspects of electromyograph/ wil! be reviewed. The history of 
electromyography (EMG) is treated in§ 1.1, while the building stanes of EMG, the muscle fibres, are 
the subject in § 1.2. An introduetion on EMG signals is presenled in § 1.3. Because research 
concerning the human skin is described in chapters 4 and 5 some anatomical aspects of the skin are 
described in§ 1.4. In§ 1.5,finally, the survey and the goals ofthis masters thesis can befound. 

1.1. History of electromyography 

Muscles have been the object of scientific interest for many centuries. Already in the 17th century the 
power of some fishes to generate 'electric' shocks was associated with muscle activity in the inner 
bodies of the fishes. However, until the start of the present century only the anatomical properties of 
muscles were studied. It took thus three centuries befare people obtained information about muscle 
activity itself. 

In the mean time, Galvani reported as early as 1791 that muscular contraction produces electrical 
activity. In the second half of the 19th century, in 1851, Dubois-Reymond was able to record an 
action current from a contracting arm muscle of a human subject. He used liquid as electrades and 
became by this the first person to demonstratea human myogram. Duchenne (in 1867) embroided on 
this experiment and used electrical stimulation to determine the dynamics of intact muscle tissue. It 
took however more than 70 years (1929) befare Adrian and Bronk measured successfully the 
electrical product of muscle activity by placing a needie electrode in a muscle. It was the first 
example of needie electromyography in history, it gave a view of a so-called intracellular action 
potential (§ 1.3). Until then, attempts to obtain satisfactory recordings with surface electrades had 
consistently failed. 

At the end of the second world war, after improvements of techniques to measure very low voltages, 
mostly the phenomenological aspects of the electromyogram were studied. It was first necessary to 
unravel the functions of individual muscles and muscle groups. Besides that a characterisation and 
description of the components of the muscle potential had to be made befare fruitful clinical 
applications could be introduced. Important progress on the development of rnathema ti cal conduction 
rnadeis was made by researchers like Lorente de Nó (model of a nerve fibre, (Nód47J), while Clark and 
Plonsey made a model of a cylinder shaped volume conductor in 1968 [Cla68]. In 1969 Rosenfalck 
described the intracellular and extracellular action potential mathematically (Ros69J, while Wallinga-de 
Jonge (amongst others) in 1985 [Wal85J and Ludin in 1968 (Lud68J measured the action potential in rat 
respectively human muscles, all important additions to the fundamental knowledge of EMG signals. 

In clinical practice nowadays needie and surface electromyograms contribute to the diagnosis of 
diseases of the neuro-muscular system. The investigation basically consists of the extracellular 
recording of action potentials generated by muscles. Several needie EMG recording techniques, 
developed in the past mostly by Buchthal and Stalberg [Stä80,96J, and 20 years of application in a 

1 
electromyography, writing (graphy) ofelectrical (electro) signals from muscles (myo). 

Chopter 1. Introduetion to electromyography 
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clinical situation, accomplished a large experience and literature on the relations between disorders 
and deviations of the motor unit action potential (§ 1.2). Needie EMG has however a few 
disadvantages; it is because of the needie an invasive technique and the provided information is very 

2 local (take-up surface between 0.01 to 0.1 mm ). 

Surface EMG however, provides an overview of the muscle 
and is aften used for that reason in kinesiological studies. 
During surface EMG, developed basicallyin the seventies and skin 

eighties e.g. by de Luca and co-workers [deL84J, electrades are 
placed on the skin of the human body. Surface EMG (SEMG) 
is thus a non-invasive technique, another significant advantage musc/e 

above needie EMG. SEMG is usually done with a small fibre 

number of large electrades (10 mm, 2-10 electrodes) and the 
spatial resolution is therefore not high. During recent research, 
however, smaller electrades (1 mm, 128 electrodes) are used in 
a larger amount (JRoe97J, (Mas91)). Interpretation of the surface 
profiles on the outside of the human body is much more skin 

difficult then needie EMG signals. The electrical signals from 
muscles have to pass a fat and skin layer and are thus spatially 
'filtered' (transformed) during their joumey in fat and skin musc/e 

{ibre 
tissue. Besides, action potentials from the muscle fibres in 
motor units interfere with each other which makes it more 

needie electrode 

needleEMG 

sulface 
electrades 

surfaceEMG 

difficult to isolate specific components of a potential. To obtain a better diagnostic technique, analysis 
tools are used (and developed) to isolate components from action potentials to visualise differences 
between SEMG signals of healthy persons and persons with neuromuscular disorder (still in 
progress). Another way toa better understand SEMG is simultaneously use of surface recordings and 
triggering with a needie electrode. In the last years, the interest in using surface EMG to obtain 
information about muscle fibres has increased, not in the least because recent computer facilities 
allowed multi-channel surface EMG to be used for this purpose [Roe97[. However, the knowledge 
about surface EMG is still not sufficient enough to allow a widely used application. Hopefully this 
thesis contributes to the future steps to better comprehend surface electromyograms. 

1.2. Muscle fibres and motor units 

Interpretation of EMG signals is impossible without the knowledge about the morphology and 
physiology of a muscle. A description of a muscle fibre is therefore necessary to understand not only 
needie EMG but also SEMG ( § 1.1 ). A muscle consists out of long (up to tenths of cms) thin (up to 
tenths of J..l.ms) cells, the muscle fibres. Bath ends are connected by tendons to bones. When muscle 
fibres are activated, they tend to shorten causing a muscle force and a possible displacement of a body 
segment. In the human body, three types ofmuscles are present (fig. 1.1): 

+ cross striated muscles, 

+ smooth muscles, and 

+ cardiac muscles. 

Each of these show a different microscope pattem. In clinical neurophysiology voluntary activated 
striated muscles are investigated. Only these striated muscles will be considered in greater detail in 
this work. 

Chapter 1. Introduetion to electromyography 
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How muscle fibres are orientated in the muscle and with respect to their tendons varies. In some 
muscles, fibres run parallel to each other and in line with the tendons. However, in the majority of the 
muscles, fibres are not in line with the tendons (and with each other). Bundies of muscle fibres are 
surrounded by connective tissue, containing blood vessels and nerve fibres. A muscle as a whole is 
also surrounded with the muscle facia, which allows movement of the muscle relative to other 
muscles or to the skin. Between the skin and the muscle, there is usually a layer of subcutaneous fat 
and in rare cases a small bone layer. 

The activation of a muscle finds its origin in the central nervous system. This system generates, when 
necessary, motor neurons. Each of these motor neurons innervate a group of muscle fibres. A term for 
such a muscle group was introduced in 1929 by Sherrington. He did some stimulation experiments on 
a muscle group from an animal and discovered that the contraction of these muscles increased 
saltatorial with a gradual increment of the stimulus. From these experiments Sherrington concluded 
that the muscle is built up of units which he called motor units (MUs), the functional units of 
movement 

skeletal muscle fibre (striated) 

() 
cardiac muscle fibre 

<==---------~~---------::> 
c:::=> nucleus 

smooth muscle fibre (non-striated) 

Fig. l.i. Three different kinds of human musc/e types. 

The number of muscle fibres innervated by one motor neuron, the innervation ratio, varies 
considerably between muscles. The smallest innervation ra ti os of less than 10 are found in the eye 
and the largest of more than 2000 are found in the large leg muscles. These innervation ratios vary 
within one muscle; the largest MUs of a muscle contain 10 times more fibres then the smallest MUs 
within that muscle. 

The spatial distribution of muscle fibres belonging to one motor unit can be thought as randomly 
scattered in a circular shaped area. This is illustrated in fig. 1.2.b, a cross-section of a muscle. 

The cross-section of a MU is certainly smaller than the cross-section of a whole muscle, but larger 
than the smallest cross-section necessary to contain all muscle fibres belonging to one. The actual 
cross-diameter of muscle fibres belonging to one MU varies between 2 and 15 mm [Buc57]. The 
diameter of a muscle fibre equals approximately 50 pm. 

Chapter 1. introduetion to electromyography 
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- motor endplate regions for 
muscle fibres betonging to the 
same MU 

Fig. 1.2.a. Innervation of a motor unit by a neuron. Fig. 1.2.b. Territories of three different MUs. 

The innervation of muscle fibres usually takes place midway the fibres at the so called motor 
endplates (fig. 1.2.a). However, because not all muscle fibres run parallel to each other or in direct 
line with the tendons, the innervation is not necessarily in the middle of the muscle, distributed 
endplates along scattered zones are possible [Mas9IJ. 

The muscle fibres, or muscle cells, are built up of a sacroplasma in which thin contracted elements are 
positioned, the so-called myofibrils. The muscle fibres themselves are surrounded by a membrane. 
Tissue outside the muscle fibre and its membrane is called the extracellular tissue, consisting of other 
fibres, nerves, fat, blood and skin. The muscle fibres (the intracellular tissue with the membrane) are 
attached with tendons to bones at the proximal (further away from the anatomical centre) and distal 
( closer to the anatomical centre) si de of the body (fig. 1.3). 

The myofibrils in the muscle fibre, with a cross-section of approximately 1 J..l.m, each consist of 1000 
to 2000 myofilaments. These myofilaments exist ofthick myosin-elements and thin actin-elements. A 
contraction of a muscle is established, by the fact that the myosin elements and the actin elements are 
able to slide along each other and vice versa (fig. 1.4). Though essential for the muscle function, this 
processis beyond the scope ofthis study (see [Not8IJ). In this thesis only the bioelectrical processes on 
muscle fibre level are important. 

The muscle fibres are activated in the motor endplate by a motor neuron. This implies that the muscle 
fibres are excited more or less simultaneously. The innervation generates an action potential in the 
muscle fibre, an intracellul ar action potential or single fibre action potential (SF AP). An observed 
signa! belonging toa motor unit, called a motor unit action potential (MUAP), is in fact the sum of all 
potentials from the constituent fibres and shows some similarities with the SFAP. The motor unit 
action potential is measured extracellular with needies or surface electrodes. In § 1.3 the statement 
action potential will be further explained and illustrated. 

musde-tendon musde-tendon 
transition transition 

~ 1::'" 

·:·:·)~J __ ___..,i. ___ ....,.;(f·: 

proximal side 
(further away from 
the heart) 

distal side 
(doser to the 
heart) 

~ .. - ..... ·. .. ·o· .. . . . . . . . . . . . . . . 
' . ' . . . . . 

..... ~"' 

cross-section 

Fig. 1.3. A musdefibre and its surroundings 
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1.3. EMG signals 
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Fig. 1.4. A striated musc/e fibre. 
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The action potentials in muscle ft bres are sourees of activity on which needie EMG and surface EMG 
are based. The action potentials can be described by severa/ lines of approach (mathematica/, 
electrophysiological, physical, measurements). These lines of approach are revea/ed in this section. 

1.3.1. Shape of an action potential 

The shape of an intracellular potential against time is drawn in fig. 1.5. lt represents schematically an 
approximated intracellular action potential in a muscle fibre. Before T0 the muscle fibre is in rest and 
the potential in the muscle fibre is given by the so-called rest membrane potential, Rmp ( -90 to -75 
mV). This is the potential with respect to the potential ofthe extracellular tissue (the potential exist in 
fact over the membrane, therefore it also called the transmembrane rest potential). The current flow 
through the membrane is in the rest state negligible because of the effectively high impedance of the 
surrounding membrane (sacrolemma). 

Chapter 1. Introduetion to electromyography 
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Fig. 1.5.a. Schematic representation of an intrace/lu/ar action poten ti a/. b. Membrane conductance for Na+ and K+ during excitation. 

At time T0 the muscle is innervated at the motor end plate. This causes a potential change at the motor 
end plate. The potential at the motor end plate rises quickly where after it falls down, back to its 
resting state. This all happens in a time of 1 to 2 milliseconds depending on subject and muscle type 
(intracellular potential in fig. 1.5 is relatively short). 

The potential change is not only occurring in the motor endplate region. When the muscle fibre is 
activated, the innervation at the motor end plate induces a travelling intracellular action potential 
along the muscle fibre. This happens as a result of electronic coupling from excited to not yet excited 
membrane areas over the muscle fibre membrane. The intracellular action potential travels thus to the 
distal respectively proximal side of the fibre, away from the motor end plate. That happens with a 
velocity, called the conduction velocity ofmuscle fibres. The conduction velocity depends on the type 
of muscle (fast and slow) and varies between 3 and 5 mis [Are89J. 

1.3.2. Electrophysiology bebind an intracellolar action potential 

The background of the transient positive-going changes of the intracellular action potential finds its 
origin in changes in the fibre membrane's potassium (K+) and sodium (Na+) permeability [Sch83J, 

initiated by the innervation (potential disruption) of the motor neuron. The basis of the excitation is 
an increase in the membrane conductance for sodium. This causes an increase of inflow of sodium 
whereafter the membrane is depolarised over a certain threshold. The inflow of sodium is followed by 
an outflow of Potassium which contributes to the repolarisation of the membrane and the return to its 
resting state (fig. 1.5.b). 

1.3.3. Description of the action potential : a physical approach 

The ionic current that will flow through the membrane is proportional to the second spatial derivative 
of the intracellular potential (Poisson equation, see chapter 2). The ionic current will mainly flow 
nearby the muscle fibre, ho wever some part of it flows through a greater area of the volume conductor 
(compare with magnetic fields lines around a small magnet). This causes potential changes in the 
extracellular tissue, even in the skin. These potential changes are now the potentials we are interested 
in during SEMG. 

Chapter 1. Introduetion to e/ectromyography 
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The current flow through the membrane can be approximated by an electric current tripole (!Ros69], 

[Gri82J) after we simplify the intracellular potential. This is shown in fig. 1.6. 

Intracellular action potential 
a 

-!- . . 
Approxtmatwn 

b .. 

II 

I 
~ 

I I3 
c 

Second spatial derivative 

> 

Dt D2 
~I( 

Iz Approximated transmembrane current density 

Fig. 1. 6. a. Intracellul ar action potential. b. Approximation of potential in a. c. Approximated transmembrane current density of a. 

When the muscle fibre is in rest, the three monopoles can be thought as being at the motor endplate. 
During the innervation the first monopole starts travelling (to the proximal and distal side of the 
muscle) leaving the others behind (fig. 1.7, I). As the remaining ionic currents stay at the motor end 
plate we now have a net dipole strength with increasing magnitude. 

Musde-tendon transition 1 Motor endplate Musde-tendon transition 

~---------------+ __ ---~_-_+ _______________ ~ 

Proximal 

II +=l=+ + + 

lil 

IV 

V+=+ 
+ 

VI 
-+ 

VII 

... 

... 

... 

... 
+-

Fig. 1.7. Development oftwo moving tripo/es in a musdejibre. 

Distal 

+ 

Next, a second monopole, with a strength that is equal but opposite to the strengtbs of the other 
monopoles ( one already travelling and the other at the motor endplate ), starts. The first dipole 
(leading dipole) has its maximum moment, while the second trailing dipole (formed by the second 
monopole and the third monopole which still stays at the motor endplate region) has a moment that, 
with time, increasingly cancels the first moment (fig. 1.7, IJ). 

Chapter 1. Introduetion to electromyography 
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When both moments exactly cancel each other, the third monopole begins its joumey to the other end 
of the fibre. There is now no resulting dipole moment (fig. 1.7, III) and the tripole travels (fig. 1.7, 
IV) along the muscle fibre. At the other end of the fibre, exactly the opposite occurs, the end effect. 
The leading dipole moment gradually decreases (fig. 1.7, V) in strength while it runs up against the 
muscle-tendon transition (end ofthe fibre). Again, a net dipole moment results, which first increases 
(fig. 1.7, VI), then decreases in amplitude until at last the third monopoleis absorbed and the muscle 
fibre returns to his rest state (fig. 1.7, VII). In fig. 1.8 we see an approximation of the potentials, 
betonging to these stages (the negative upward sign of the potentials in fig. 1.8 is opposite to the sign 
you might expect. In EMG however, this is the common way ofpresentation). 

Potential ~ 

111 distal proxima/ 

IV 

V 

VI 

Vil 

axial direction 

Fig. 1.8. Potent ia/ a long the musclefibrefor the stages in fig. 1. 7. 

1.3.4. MUAPs at the skin due to the intracellular potentials at muscle fibre 
level 

After the impulse transfer on the muscle fibres by the motor neuron two action potentials will 
propagate along the muscle fibre in opposite direction. The summed activity of all individual muscle 
fibres betonging to one MUis the motor unit action potential (MUAP). The amplitude as well as the 
spatial and temporal behaviour of these MUAPs at the skin surface are determined by three groups of 
parameters, 

+ the geometrical parameters of the MU in the muscle ( orientation, depth, place of motor endplate, shape of 

MU territory) , 

• the properties of the muscle fibre (length, membrane, thickness, type ofmuscle, firing frequency, the intracellular 

action potential, conduction velocity ), and 
+ the active and passive conduction properties of the tissue between the active fibres and the 

recording electrodes on the skin (bone,fat, muscle, skin, inactivefibres). 

These three groups of parameters are ofparticular interest in the studies for the application of SEMG. 
The parameters determine the frequency range of the surface MUAP signals. In opposite to the 
frequency content of the intracellular action potential (500-2000 Hz, see fig. 1.5), the SEMG signals 
mostly consist of frequency components between 50 and 200Hz (fig. 1.9). An experimental set-up for 
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surface EMG focuses in that area. This low frequency range enables investigators to use multi
channel surface EMG up to 128 channels, because of the relatively low sample frequency (2000 Hz), 
necessary to measure the low frequent SEMG signals precisely. For the interpretation ofthe results in 
chapter 5, this is an important figure. 

Power density 
(arbitrary units) 2 

0 100 200 

Fig. 1.9. Schematic power spectrum of SEMG. 

1.4. Brief anatomy of the human skin 

300 ~ 
{requency 

The human skin is one of the conducting tissues between the muscle fibres and the recording 
electrades on the skin. It consists of two main layers, the epidermis ('upper skin') and the dermis 
('leather skin'), the latter consists again of different layers (fig. 1.10). 

The epidermis has four layers. The deepest layer, the stratum basale, produces new cells. These cells 
undergo slowly keratinization until they reach the surface of the skin at which stage the cells are 
completely keratinizated (stratum corneum ). This process takes three to four weeks and is 
continuously going on. The dermis itself consists sense-organs, blood vessels and binding tissue that 
gives the skin its firmness. This layer (stratum papil/are) is connected with bulges to the epidermis. 

Staturn corneum 

Stratum granulosum 

epi-dermis 
Stratum spinosurn 

Stratum basale 

Subcut is 

Fig. 1.1 0. Layers of the human skin. 

The subcutis is a layer directly under the dermis. This layer contains also some binding tissue and 
without real interruption it shades off into the binding tissue of the corium where a great part of the 
fat tissue is situated, the heat-isolation ofthe human body. 
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l.S. Survey and goals of this study 

This thesis can be subdivided into three different parts, each with its own emphasis : 

+ Theoretica} background of volume conduction 

Volume conduction can be described by the solution of the Poisson equation. This can be 
done with finite element modeHing (Spa97J, the finite difference method or it can he done by 
solving the Poisson equation in an analytica} way. This analytica} solution has been a subject 
in several studies [Goo90, Blo95J. Still, it was not complete. The total solution fora three layer
muscle, fat and skin tissue - volume conductor was not available, a bone layer was not 
incorporated into the model and the outcome of the simulations were in arbitrary units. 
Hardly any attention was paid to the amplitude and duration of intracellular action potentials, 
the sourees of the volume conduction. The theoretica} background of volume conduction is 
treated in chapter 2. 

+ Modelling of volume conductors with a Lab Windows ® program 

Simulations of EMG signals are helpful in analysing the results of measurements. However, 
simulations were possible only after understanding the theory discussed in chapter 2. The 
efficiency of performing these simulations was increased considerably by software that 
implements the formulas in chapter 2. This software also contains facilities to change 
volume conductor configurations and bioelectric souree geometry. The program has been 
developed in LabWindows ® and makes the model a convenient tooi for studying relations 
between simulations and measurements as well as the effects from several volume conductor 
configurations on the surface MUAPs. The program is also used in chapters 4 and 5 as a 
support of the measurements of the skin conductivity. The set-up and possibilities of the 
LabWindows ®program are dealt with in chapter 3. Chapter 3 also includes a calibration of 
the model, simulations with dynamic sourees and the influence of a bone layer in the volume 
conductor. 

+ Measurements to determine the conductivity of the skin under several conditions 

Earlier research (Roe97J suggested that the passive conductivity of the skin had to be larger 
than the conductivity of fat tissue. To verify this, an experimental set-up was chosen which, 
in co-operation with theory, would lead to a value for the conductivity of the human skin. 
The theory is described in chapter 4, while in chapter 5 the results of these measurements are 
shown. Relations between current, skin conductivity and temperature are also investigated in 
chapter 5. 

Of course, measurements are intrinsically more important than modelling. However, real 
understanding is achieved with a combination. The main goal of this thesis thus is a better 
understanding of surface electromyography with help of theory, modeHing and measurements of the 
conductivity of the skin. The conclusions of this thesis are finally presented in chapter 6. 
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In this chapter, the theoretica/ background of volume conduction in a cylinder is treated. To describe 
volume conduction in a cylinder we have to solve the Poisson equation. This is done in § 2.1 for an 
anisotropic cylindrical volume conductor, consisting of Jour cylindrical layers with the properties of 
bone, muscle, fat and skin tissue, a reasanabie approximation of some parts of the human body. In § 
2.2 the formulas for volume conduction are made discrete (computer rnadelling demands these 
discrete terms). In § 2.3 measured and simulated intracel/u/ar potentials are mathematically 
described in terms of a current strength, representing the muscle fibre activity. If this represents the 
muscle fibre activity wel/, simulations in 'real' J1V can be obtained. 

2.1. Solving the Poisson equation 

2.1.1. Poisson equation 

To describe volume conduction, the relationship between current flow and potential field is essential. 
In electromagnetic theory this relation is formed by the Poisson equation. For a homogeneous and 
isotropie volume conductor the Poisson equation [Jac75J in cylindrical co-ordinates is given by 

1 0 1 0 0 
--(pJp)+--Jrp +-Jz 

2 v.J pop porp az 
V <D = -- = ---'--------'----- (2.1.1) 

p, qJ and z are cylindrical co-ordinates, orientated according to fig. 2.1. ([J represents the ( extracellular, 
§ 1.2) potential field on or in the volume conductor, J(p, qJ,z) the current souree density (Aim2

) in the 
volume conductor caused by active muscle fibres and cr the conductivity of the cylindrical volume 
conductor with respect to current, (.amr1

• 

17· J = -iv is the volume current souree density (A ·m-3
) and forms an analogue of charge density in 

electrostatics. Capacitive and inductive effects are ignored in (2.1.1). For the frequencies contained in 
biologica} tissue during surface electromyography (EMG), the conditions are supposed to be met 
[Goo90, Gab96J for this assumption. However, it is still an assumption which remains to be verified to 
confirm this so-called quasi-stationarity. 
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The Poisson equation is in the following sections analytically solved. That means that the tissue 
layers of the volume conductor must have a cylindrical configuration, symmetrically disposed around 
the centre of the cylinder. 

The total solution of the Poisson equation is now a superposition of the solutions of the homogeneaus 
and the inhomogeneous part of the Poisson equation. The solutions of these two equations are 
calculated in§ 2.1.2 and § 2.1.3. 

([] 
• (p,(/),Z) 

z 

.· 
i ·················-···········.-·:: ..... . 

Fig. 2.1. Orientation of cylindrical co-ordinates. 

2.1.2. Homogeneons solution 

First we derive the homogeneaus solution by solving the homogeneaus part of (2.1.1), better known as 
the Laplace equation, (2.1.2). The Laplace equation is determined by the geometry or configuration of 
the cylinder and the current souree density at the boundaries (§ 2.1.5). In an infinite cylinder would 
the homogeneaus solution be negligible, therefore it is also called the finite solution. 

(2.1.2) 

When we apply Fourier transformation in the z-direction on (2.1.2) (Appendix A.l.l)- in order to get a 
mathematically better solvable equation - we obtain (2.1.3), 

(2.1.3) 

The derivatives in pand q>-direction are unchanged in (2.1.3). In z-direction, however, a new variabie is 
* * introduced, k . k, called the spatial frequency, is a consequence of the Fourier transformation and 

represents the repetency of t/J in z-direction (cos 21tk*z, sin 21tk*z) . In (2.1.3) kis used, which is the 
* product of 27t and k , this to simplify (2.1.3). 
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The potential in (2.1.3), q/, is the potential with co-ordinates p, k and rp. With separation of variables 
(step-by-step done in Appendix A.l.2) ,we arrive at the solution of (2.1.3), 

n=+oo 

~· (p,k,rp) = z:e-in(l'(AJn(JkJp) + BnKn(JkJp)) (2.1.4) 
n=-oo 

and afterinverse Fourier transformation in z-direction the solutions of (2.1.2) become, 

(2.1.5) 
n=-a:J 

The variables An and Bn in (2.1.4) and (2.1.5) are determined by boundary conditions which will be a 
subject later again in § 2.1.5. In(kp) and Kn(kp) are modified Bessel functions which means that they 
are real-valued for real arguments, here the spatial frequency k and the radius p. n in (2.1.4) and (2.1.5) is 
an integer, a result of physical periodicity in angular direction (Appendix A.l.2). 

2.1.3. Inhomogeneous solution 

The next part we have to solve is the inhomogeneous differential equation (the particular equation), 
presented by equation (2.1.1) itself, 

liJ liJ iJ 
--(pJ )+--J +-J 

2 P i} P p P i} \Z' \Z' 0z z V' ~ = _ _.:_ ____ ___:. ___ _ 
(2.1.1), (2.1.6) 

The solution of this equation depends on the souree and not on the boundaries of the cylinder. It is 
therefore called the infinite solution or source-dependent solution. The inhomogeneous solution plays 
the dominant role in the total solution of the Poisson equation. The finite solutions, the solutions of 
the Laplace equation, however, are in most finite cylinder configurations not negligible. 

For the simplest configuration, in which the muscle fibre is assumed to be placed in an infinite, 
isotropie medium, the potential from a point-shaped souree i measured at a distance R can be 
calculated [Jac75J with the Coulomb equation, 

1 i 
~=---. 

4Jr a R 
(2.1.7) 

In EMG muscle fibres are responsible for the action potential. So these muscle fibres are responsible 
for the potentials in the volume conductor. When we handle the line-source approximation we assume 
the fibre diameter to have diameter zero, with respect to the distance between the souree point and the 
observation point, which is reasonable if you compare the diameter of a muscle fibre with the 
diameter of a volume conductor representing e.g. a human upper arm (50 J..tm vs. 8 cm). The 
extracellular potential from a muscle fibre in infinite homogeneous tissue can then be expressed as 
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1 J+L 2:r aJ(zJ dz 
<!Xp,z)=-

4:ra -L~p2+(z-zJ2 
(2.1.8.a) 

withaas the radius ofthe fibre, 2L its len~th, z5 the locations ofthe point sourees and J(zJ the current 
souree density along the membrane (Alm ). Calculations are performed, like with the homogeneaus 
equation, in the spatial frequency domain expressed by the spatial frequency k. Because of the line 
souree approximation it is logical to replace 27ml(z) by l(z), which represents the current strength in 
Alm along the fibre 

l(z) = 2:raJ(z) (2.1.8.b) 

In combination with the use of modified Bessel functions we derive for an infinite cylinder and a 
muscle fibre on the centre axis of a cylindrical volume conductor [Bat54J 

• 1 
<D (p,k)=-K0 (kp)l(k). 

2:ra 
(2.1.9) 

(2.1.9) is thus the inhomogeneous solution of (2.1.6). When the muscle fibre lays eccentrically in the 
cylinder it changes into (2.1.10), 

1 
<D*(r, k) = -K0(kr)I(k) 

2:ra 
(2.1.10) 

with r as the distance between the point sourees and the observation point (placement of electrode). 
The drawing in fig. 2.2 illustrates this co-ordinate r together with the cylinder co-ordinates in fig. 2.1. 
With the cosines-rule a relationship is derived (2.1.11) between Ps (radius souree ), Pobs (radius 
observation point), rp5 (angle source), (/Jobs (angle observation point), Z5 (axial co-ordinate source), Zobs 

(axial co-ordinate observation point) and r. Fig. 2.2. gives also an impression of a cylindrical volume 
conductor consisting of centrically positioned layers with the properties of a bone, muscle, fat and 
skin layer. 

(2.1.11) 

skin tissue 

' 
fat tissue 

Muscle fibre Motor endplate · · · · · muscle tissue 

z · · · · · bone tissue 

Fig. 2.2. Co-ordinates in the cylindrical volume conductor. 
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2.1.4. Cylindrical symmetry 

Due to the cylindrical symmetry in the analytica! method, the muscle fibres have to be positioned 
parallel to the centre of the cylinder. The solutions in angular direction in (2.1.4) and (2.1.10) are 
consequently symmetrical. Thus, when the muscle fibres, are positioned parallel with the z-axis under 
an angle <p = 0 o, the solutions for qJ = 0 ... 180 o equal the solutions for 3 60°- qJ. In theory simulations 
of oblique fibres are of course possible, if one calculates for every souree point again, the solution of 
the Poisson equation in the fini te volume conductor. A tricky summa ti on of these solutions after these 
'time-consuming' calculations would eventually lead to a simulated oblique fibre (the souree points 
form together the oblique fibre). 

2.1.5. Anisotropic volume conductor 

The conductivities of the tissue layers are, besides the dimensions of the layers, very important 
properties of the volume conductor during simulations. The conductivities from the tissue layers do 
not only differ from each other, there could also be a difference between the radial and axial 
conductivity within the same tissue layer. 

The solutions (2.1.4) and (2.1.10) do account for an isotropie cylindrical volume conductor. lt is however 
possible to simulate an anisotropy in the volume conductor conceming the conductivity between the 
radial and axial direction. By this, (2.1.1) changes into 

V2<D( p, rp,z) (2.1.12) 

O"z represents the conductivity in axial direction (flml1 and o-P that in radial direction (flml1
. This 

form of anisotropy is definitely present in muscle tissue. Parallel to the muscle fibres the conductivity 
is normally higher then perpendicular to the muscle fibres because of the high membrane impedance 
of inactive surrounding muscle fibres (§ 1.3). 

The solutions of the homogeneous and inhomogeneous equation change, but not drastically. From 
(2.1.4) we obtain (2.1.13) and (2.1.10) is 'transformed' into (2.1.14), 

(2.1.13) 

<D*(p,k)=-
1
-K0(kr ~JI(k). 

2;rap vap 
(2.1.14) 

The square root terms in (2.1.13) and (2.1.14) more or less represent virtuallonger distauces for current to 
travel when the conductivity is lower for a specific direction. 
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2.1.6. Total solution 

With the derivations of the homogeneous solution (2.1.13) and the inhomogeneous solution (2.1.14) in § 
2.1.5, consider now a cylindrical volume conductor with four concentric boundaries. One may think 
e.g. of an upper arm consisting of bone tissue in the inner compartment (radius a), muscle tissue in a 
layer around it (radius b), a next layer of fat tissue (radius c) and skin tissue as the outer compartment 
(radius d). The volume conductor is finally surrounded by air (with conductivity zero), see fig. 2.2. 

The general solution of the Poisson's equation in cylindrical co-ordinates with spatial frequency k, 
(2.1.3), then reads for the described volume conductor at a certain observation point CPobs ,k, (/Jobs) lying 
in the bone, muscle, fat or skin layer, 

(2.1.15.a) 

<!> ( k ) 
1 

Ko (r t'" I ki)I(k) + n~ooe -in 'Poru [Cn (k)In ( Pobs r· k)] 2,musc/e Pobs' ' rp obs = 2 ~ 
7U:Y Zp (52p n~-oo (52p 

+ D"(k )K"(p00,~<T '" lk!JJ 
(52p 

(2.1.15.b) 

(2.1.15.c) 

<!> ( k ) 1 Ko(rt" lki)J(k) + n~ooe-in'Pab.'[Gn(k)Jn(Pobs~O",, k)] 4,skin Pobs' 'rp obs = 2 ~ 
Jr(j 4p (54p n~-oo (54p 

+ H"(k)K"(p00,t'· lkl)] 
(54p 

(2.1.15.d) 

The solutions of the Poisson equation (2.1.15.a.b.c.d) account for the potentials in the various tissues : t/J1 

represents the potential field in the inner compartment (bone tissue), (]J2 the potential in the 
surrounding muscle tissue layer, t/J3 the potential in the next layer (fat layer) and t/J4 as the potential 
in the outer skin layer. They are all expressed in the spatial frequency domain (<P is in V·m). 
G'Jz,2z,3z,4z and G'Jp,2p,3p,4p are the conductivities (ilml1 in the axial respectively radial direction for the 
bone ( G'Jz,p), muscle ( <J2z,p), fat ( G'Jz,p), and skin tissue ( 0'4z,p). Furthermore, a potential of zero is 
defined at infinity. No souree would thus result in a zero-potential in the whole volume conductor. 
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An(k), Cn(k), Dn(k), En(k), Fn(k), Gn(k) and Hn(k) are variables of k, the spatial frequency. One would 
also expect Bn(k) in (2.1.15.a). Ho wever, Bn(k) cannot exist. (/Jh the potential of the bone tissue belongs 
to the inner campartment of the cylinder. So, the radius of observation, Pobn can equal zero. Kn(O) is 
however infinite, so, Bn(k) must equal zero to exclude infinite potentials. 

In case of an eccentrically located fibre and when Pobs > Ps (2.1.14) is expandable, following the 
addition theorem for Bessel-functions [Gra66J, to 

a zl,z2,z3,z4 k )K n ( Ps Elkl) . 
a pl,p2,p3,p4 V a P 

(2.1.16) (j' zl,z2,z3,z4 I I ~ Ko(r a k )= L.,;e-inrpobs In(Pobs 
pl,p2,p3,p4 n:::=-oo 

with crp 1 and crz 1 in case ofthe first term of (2.1.1S.a), crp2 and crz2 in case ofthe first term of (2.1.1S.b) and 
so on. 

The total salution of the Poisson equation in the cylinder is determined by the boundary conditions 
between the various layers of the volume conductor. These boundary conditions account for the 
potential fields and the current flow. The boundary conditions are the missing equations to determine 
the variables An(k), Cn(k), Dn(k), En(k), Fn(k), G,lk) and H,lk). 

(2.1.17.a) 

(2.1.17.b) 

(2.1.17.c) 

o<I>I I o<I>z I a -- -a --lp op p=a- 2p op ,p=a (2.1.17.d) 

o<I>z I o<I>31 a -- -a --Zp op ,p=b- 3p op p=b (2.1.17.e) 

a3p o;31p=c =a4p o;41p=c (2.1.17.f) 

o<I> 4l 
a4p op p=d =0 (2.1.17.g) 

The first three equations are continuity relationships for the potential, valid at the interface between 
bone and muscle tissue (2.1.17.a), respectively muscle and fat tissue (2.1.17.b) and fat and skin tissue 
(2.1.17.c). The next three equations stand for continuity of current at the interfaces between bone and 
muscle tissue (2.1.2l.d), muscle and fat tissue (2.1.21.e) respectively fat and skin tissue (2.1.21.1). The last 
equation (2.1.21.g) illustrates the fact that no current can cross the interface between the skin tissue and 
the isolating outer layer (normally air). 
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With these equations and the four solutions, f/J" C/J2, f/J3 and f/J4, we obtain after substitution 7 
equations and 7 unknown variables An(k), Cn(k),Dn(k), En(k), Fn(k), Gn(k), Hn (k) for every integer 
value of n enk, (2.1.18). There are a few abbreviations in (2.1.18). These need a further explanation and 
are thereby enumerated in (2.1.19) and (2.1.20). Solving (2.1.18) will eventually lead to the total salution of 
the Poisson equation. 

( Jn(~k) 

I o 
I 0 

I Ojfn (alk) 

I 0 
I 0 

l 0 

-Jn(a2k) -Kn(a2k) 0 0 

Jn(b2k) Kn(b2k) -Jn(hi) -Kn(b3k) 

0 0 ln(c3k) Kn(c3k) 

-(J"2r n (a2k) a-i(! n (a2k) 0 0 

a-2rn (b2k) (5"21(! n (b2k) -(J"Jrn (qk) ~K:n(qk) 

0 

0 

0 a-l'n (c3k) CY3K! n (c3k) 

0 0 0 

fn(R2k)Kn(a2k) fn(R1k)Kn(a1k) 

(Y2p (Yip 
In(R3k)Kn(b3k) fn(R2k)Kn(b2k) 

(Y3p CYzp 
IJ R4k )Kn ( c4k) fn(R3k)Kn(c3k) 

(5"1 =~CYiz(Yip' (5"2 =~CY2z(Y2p' 

(5"3 = ~(Y3z(Y3p' CY4 = ~(Y4z(Y4p' 
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0 or 0 o I en 
I n 

-I/c4k) -Kn(c4k) I Dn 

0 0 I· En 
0 o I~ 

-(J"4rn (c4k) CY4K! n (c4k) j Gn 

a-4rn (d4k) (5"41(! n ( d4k) Hn 

(2.1.18) 

(2.1.19) 

(2.1.20) 
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2.2. Discrete model 

It is most unfeasible to solve the matrix in § 2.1, (2.1.18), without the help of a computer. To be able to 
do the calculations a windows-based program is developed which simplifies simulations (chapter 3). 
In this section and in § 2.3 we look at the consequences of the implementation of the volume 
conductor model in a computer program and especially at the accuracy of the solutions and the 
resolution of the volume conductor model. 

With computer modelling we are not able to solve the problem (Poisson equation and boundary 
conditions) on a continuous basis. Because of limitations of the computer ( and time), a calculation of 
infinite terms in (2.1.1S.a.b.c.d) and (2.1.16) for the angular frequency n and the spatial frequency k is 
practically impossible and thus we have to cope with a discrete problem. Even if we could calculate 
infinite terms, l(z) is determined by measurements (at the intracellular potential) with a limited 
sample frequency. Discrete modelling does not have a great impact if we are able to take many 
discrete steps. Again, there are however limitations on the amount of discrete steps, so one should be 
a ware of the mathematica! consequences. 

A continuous function f(z) can be made discrete by means of a sequence { f(za),f(z0 + iJz),f(z0 + 
2iJz), ... , f(z0 + (N-1)iJz) } with sampling in N points and interdistance iJz. We obtain a discrete f(z) 
which is defined by the following notation, 

f(z) = f(z 0 + z~ z), (2.2.1) 

with z = 0,1,2, ... ,N-1, as the discrete count variable. The sequence { f(O),f(l),f(2), ... ,f(N-1) } will be 
used to express from a correspondending functionf(z) a sequence of N equidistant samples. z0 is the 
offset of the discrete description, and has the value zero in most cases. 

With this notation the discrete Fourier transformation terms can be defined, 

N-1 
1 -j2nuz 

F(u) = -LJ(z)e_N_ 
N z=O 

(2.2.2) 

for u= 0, 1, .... , N-1 and the inverse discrete Fourier transformation, 

N-1 

f(z) = LF(u)eJ2nuz!N (2.2.3) 
u=O 

for z = 0,1, ... ,N-1. 

The values u= 0,1, .... ,N-1 correspond with samples ofthe continuous transformation for the values u 
= 0, Llu, 2Llu, ... , (N-1)Llu. We represent F(uLlu) thus by F(u). 
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We have to apply this discrete Fourier transformation in axial direction, 

Nz-1 • • l - j2;rk (z0 +zL'.z) 

<1> (p,rp,k) =- L<D(p,rp,z0 +z~z)e N, 

Nz z=O 
(2.2.4) 

Equation (2.2.4) implies that the resolution of the calculated potential is determined by kin the Fourier 
transformed domain. Thus, the larger the maximal spatial frequency k, so much the better is the 

• resolution of C/J in axial direction. In z-domain this implies that L1z becomes smaller and that the 
amounts of sampling points in the z-direction, Nz, becomes larger. 

• For the angular direction n is an indication for the resolution in angular direction. C/J is 'restricted' in 
cp direction as in axial direction, caused by the need of periodicity in angular direction. We are thus 
able to say that the larger the amount of sampling points in angular direction, Nep, the better the 

• resolution of C/J in angular direction. 

Equation (2.1.4), the homogeneaus solution of the Poisson equation, becomes in discrete terms 

(2.2.5) 

while the first part of (2.1.15.a.b.c.d), the inhomogeneous solution, becomes, 

O"l,,h,3:.•= Z )/( Z )e-J2nic'o!N, . 

O"lp,2p,3p,4p 

(2.2.6) 

We obtain the total discrete solution ofthe Poisson equation ifwe add (2.2.5) and (2.2.6) together. 

2.3. Simulations in Jl V 

2.3.1. Discrete current strength 

An important impravement of the volume conductor model is made when the volume conductor 
model yields results in 'real' voltages (during SEMG normally between 1-500 ,uV). The ability to 
simulate muscle fibres in a quantitative way - thus the possibility to simulate real strength of the 
muscle fibres and calculate real potentials at the skin surface - could for example be a helpful tool for 
quantifying the amount of motor units in a muscle group. First, however, we have to determine the 
real strength ofthe sources, the active muscle fibres, fora simulation of surface MUAPs. 

Chapter 2. Theory of volume conduction in an inhomogeneous and anisotropic cylinder 



31 

l(z), the current strength, is linked to the intracellular potential of the muscle fibres when these are 
active. The intracellular action potential is in this section represented by a mathematica! 
approximation of muscle fibre activity. The basics of this section do however also account for other 
(measured) intracellular potentials. 

f/J; (z), the intracellular potential in active muscle fibres can thus mathematically be described by 
[Ros69] 

(2.3.1) 

The parameters of the description of the intracellular action potential, A,B, and, À are listed in table 
2.1. The intracellular potential is shown in fig. 2.3.a, its first and second derivative in fig. 2.3.b and 
fig. 2.3.c. 
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Fig. 2.3.a. Potential (2.3.1). b.first derivative. c. second derivative. 

The second derivative of the intracellular potential is important, if we again look back at the Poisson 
equation, (2.1.1). The intracellular potential, f/Ji and the current souree density J(z) in the muscle fibre, 
in this section in fact the volume conductor, are related by this equation, 

(2.3.2) 

with CY;ntra as the conductivity of the intracellular tissue of the muscle fibres. 
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Table 2 I Parameters in (2 3 1) . . .. 
A 8 Ä. a 2 

crintra O'intra1ta 

(in mY·mm-3
) (in mV) (in mm·1

) (in ~m) (in n·1m"1
) (in mln) 

96 90 1 25 0.55 1.079·10"9 

Wh en the line-source approximation (§ 2.1) is applied on this equation we derive 

(2.3.3) 

wherein a represents the radius of the muscle fibre and I(z) is thus the current strength of the active 
muscle fibres. 

The last term in (2.3.3) is the second derivative of the potential (fig. 2.3 .c ), 

(2.3.4) 

In discrete terms (2.3.3) will become 

(2.3.5) 

with z as the discrete count variable, z = 0,1,2, ... ,N-J (Npoints) and L1z is the interdistance between 
the sampling points. (N-J)Llz equals the total length of the volume conductor, the cylinder. The 
Fourier transformation of I(z) equals with (2.2.2) 

1 N,-1 

l(k) =- Ll(z/1 z)e-12"*"<=~>.zJIN, • 
N, z=O 

(2.3.6) 

2.3.2. Resolution of the volume conductor model 

Discrete calculations of the Bessel terms are in computer rnadelling limited by machine accuracy and 
time. However, calculations could be done with a spatial frequency up to 1024 m-I. This means that in 
a cylinder with a length of 15 cm the calculated potential has a resolution of 0.14 mm (15 cm/1024) in 
axial direction. That is sufficient for simulations ofMUAPs. Significant frequency components ofthe 
intracellular potentials do namely not exceed 2000 Hz (fig. 1.5). With a conduction velocity between 
3 and 5 mis in the muscle fibres we notice that the width of an single fibre action potential during 
excitation equals 3 mm or more. With a resolution of 0.14 mm this intracellular potential could 
already be described with 22 points (3 mm/0.14 mm) in the worst case (duration action potential 1 ms, 
conduction velocity 3 mis). 
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If we take now a measured intracellular potential as an input for the current strength for the 
simulation model (§ 2.3.1), it would of course be the best if the sampling frequency of this 
intracellular potential during the measurement is as much or better than the resolution of the 
simulation model. For a potential travelling along the muscle fibre with a maximal conduction 
velocity of 5 mis and a width of the action potential of 1 ms the intracellular potential itself has a axial 
width of approximately 5 mm. To obtain a value for the intracellular potential every 0.14 mm in the 
intracellular potential a sample frequency of at least28kHz (5mm!O.J4mm*lllms) is necessary. 

This sample frequency is easily obtained during the measurements of intracellular action potentials. 
The restraining resolution factor is thus the resolution of the simulated volume conductor and not the 
resolution of the measured intracellular potential. Sametimes this induces that the intracellular action 
potential needs to be interpolated to obtain points with a interdistance equally to the resolution of the 
cylindrical volume conductor (from fig. 2.4.b to fig. 2.4.a). Decreasing the length of the cylinder -
with the intention to imprave the resolution of the simulated volume conductor - is of course possible, 
however, if we want to simulate realistic muscle fibres with a length of 8 cm, the simulated volume 
conductor has to have at least that length. 

x 1 0 ·• discrete l(z) from intracel/u/ar potential x 1 o -• discrete I(z) from intracel/u/ar potent ia/ 
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-6~--~~----~----------~ 
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Fig. 2.4. Discrete I(z) ofthe Rosenfalck potential fora. L1z = 0. 78 mm b. L1z = 0.39 mm. 

10 

In the past, the intracellular potential was approximated by a triangular shape and the current strength 
was consequently simulated by a tripale (fig. 1.6, fig. 1.7). By simulating this tripale one applied two 
conditions, this to ascertain that there is no net intracellular voltage change after the passing of the 
action potential (i.e. nonet resulting dipole moment), 

(2.3.7) 
i= I 

(2.3.8) 
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Apart from these conditions, the current strengtbs of the simulated tripale were chosen in arbitrary 
units. With the theory in this section and § 2.3 .1, one is ho wever able to simulate motor units by a real 
current strength (of course (2.3.7) and (2.3.8) also count for the real current strength in fig. 2.4.a. and b 
with i=l .. l2 and i=l .. 24). Prudenee is in order during simulations with one and the samesouree in two 
or more different (conceming the length !) volume conductor configurations, because the current 
strength is in Alm; the total current of 1 Alm over 1 mm (e.g. the resolution of a volume conductor) 
does not equal a current of 1 Alm over 2 mm (e.g. the resolution of another volume conductor). This is 
unfortunately a disadvantage of discrete calculations. 
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Chapter 3 

Implementation in a user interface model 

The solutions of the analytic volume conductor model in chapter 2 give us the opportunity to sirnulale 
several volume conductor configurations and the related surface MUAP signals from intracel/u/ar 
potentials. Several reasans (efficiency, simu/ation possibilities, view angles) caused us to present the 
analytic model into an user friendly interface with options to calculate potentials for different kind of 
cylinders, tissue layers, sources, orientation of the sourees and more. A short set-up of this windows
based program is made in§ 3.1. In§ 3.2, the model is 'calibrated'. Furthermore, the matrixtermsin 
(2.2.18) need to be scaled to obtain a solution. This sealing was satisfactory for a two and three layer 
model, a fourth layer (bone tissue) however complicated the calculations and the limitations of the 
Besset terms in the analytica! salution were visible (§ 3.3). The simulations in chapter 4 and other 
parts of this thesis were done with this program. 

3.1. A user interface model for the analytic volume conductor 

The theory in chapter 2 has been implemented during this research in a windows-based user interface 
program, developed with Lab Windows/ CVI ®, basedon C, c++ and windows application tools. The 
total program is available under the name Anvolcon and can be considered as the final product of the 
group conceming the analytica! approach of volume conduction in EMG in the past years. 

The user interface is divided in three panels (i.e. sections) : 

+ a panel for souree width, souree orientation, souree strength (the intracellular potential) and 
the amount of fibres, 

+ a panel for the properties of the volume conductor, and 

+ a panel for the final calculations ofthe MUAPs on the volume conductor. 

The results of the calculations can also be transported to Matlab for Windows ® for further 
implementation. A schematic scheme of the program is drawn in fig. 3 .1. 

3.1.1. Souree parameters 

The panel for souree parameters allows the user to set the type of souree by inputring a measured 
intracellular action potential in the volume conductor along the muscle fibre (the duration from the 
potential change can be changed by an input of a sample frequency and conduction velocity). Other 
imaginary soureescan also betaken as souree (Rosenfalck potential, tripale approximation). Changes 
in depth for the location of the muscle fibres are easy to make. lt is possible to let the action potential 
travel along the muscle fibre. In that way the souree becomes a dynamic source. Motor units (MUs) 
can be simulated by variations in activation time and variation in tendon positions of the muscle 
fibres bel on ging to the MU. 
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General souree parameters 

Souree parameters 

..... Specific souree parameters 

~ 

Volume conductor properties cr,, cr" length, radii layers 

+ 
Calculation ofpotentials 

Matlab for Windows 

Fig. 3.1. Flowchart ofthe user interface program. 

3.1.2. Volume conductor properties 

The properties of the volume conductor are determined by the length of the cylindrical volume 
conductor, the radii of the tissue layers in the volume conductor, and the conductivities of the layers 
in axial and radial direction. These are the parameters in this panel which can be modified. 

3.1.3. Calculation of potentials 

In this section the final calculations are done by solving the equations in chapter 2. Calculations can 
be saved and the observation points, the sites where the electrades are virtually placed can be changed 
in angular and axial direction. lt is possible to calculate surface potentials for different kind of 
conductivities for the skin layer, fat layer or muscle layer and visualise them immediately. In case of 
rnaving intracellular potentials, visualisations of MUAPs versus time at different axial and angular 
positions are possible. 

Finally, (own-written) applications in Matlab for Windows ® allows the user to manipulate excellently 
with these matrices of potentials. Mesh grids can for example be created which are visualisations of 
potentials against angular direction (fig. 3.2, remember, the potentials are symmetrical around n=O, § 
2.1.4) or time (MU with muscle fibres which vary somewhat in activation time and tendon positions, 
fig. 3.3). From the latter figure the potentials for z = 9,11, and 13 are enlarged in fig. 3.4. Besides the 
positive potential change fort= 5 (z =13), t= 8 (z = 11) and t= 11 (z = 9), an end-effect can be 
noticed fort> 45. The extinction at the (proximal) tendon does have an influence on the progressof 
the simulated surface MUAPs between the motor endplate and the tendon positions. 
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Fig. 3.3. Mesh from potent i als on the surface of the cylindrical volume conductor, due to MU, parallel with the axial axis of the cylinder 
against time. 
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3.2. Calibration of the model 

The formulas in § 2.1 and § 2.2 are incorporated in the computer model. To test the model on its 
integrity, limits of the solution could be checked. When a souree is located close to the centre of the 
cylinder (distance r1) and the observation points are positioned with radius r2 far away from the 
centre of the cylinder (r2 » r1) the potential in the observation points are mainly determined by the 
inhomogeneous solution. When, however, the souree is located close under the surface of the cylinder 
the infinite and finite solution should be equal. This is due to the so-called mirror effect, known in 
electrastatics (when a charge is placed in front of a large flat conductor, the potential field is formed 
by the charge and that of a virtual charge at the same distance from but at the other side of the flat 
conductor). These limits ofthe solution where indeed present. 

Checking on amplitude and signal content does however not happen with these limit situations. 
Another calibration of the model is possible when the output from a simulation can be predicted in 
shape and amplitude according to a certain input. This can be done by contiguring the volume 
conductor as a muscle fibre and inputting a current strength I(z) into the model, calculated from this 
active muscle fibre. Thus, from an intracellular potential of a muscle fibre in fig. 3.5.a wedetermine 
the current strength (Alm) according to (2.3.3) 

z dz<l>;(z) 
l(z) =na a-intra dzz (3.2.1) 

(radius of the muscle jibre a, the intracellular conductivity Ofntrao and intracellular potential <Pi (z) ). 

Ifwe place I(z) on the centre axis ofthe cylinder and the volume conductor is contigured according to 
a muscle fibre (layers have intracellular conductivity, 0.55 fl1 

m-
1 and the radius of the volume 

conductor equals a) the potential on the surface of the volume conductor should be the same in 
amplitude and shape when the volume conductor simulation model is functioning well. Fig. 3.5.b 
shows the outcome of the simulation on the surface of the cylinder. The shape and the width of the 
signa} (8 mm) are conserved. The amplitude of the potential in fig. 3.5 .a differences maximal 131 m V, 
about the sameasin fig. 3.5.b, 133 mV. The difference in resting values ofthe potential (Vrp= 0 mV 
and Vrp= -90 mV) is caused by the fact that in fig. 3.5.a, an intracel/u/ar potential, and fig. 3.5.b, an 
extracellul ar potential, the references are both positioned extracellularly ( -90 m V is caused by Rmp' § 
1.3). The model is thereby calibrated and further simulations are possible. 
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Fig. 3.5.a. The intracel/u/ar potential. Fig. 3.5.b. The poten/ia! on the surface 
of the simuialed muscle flbre. 
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3.3. Limits of the analytical solution and an extra bone layer 

It was explained in § 2.2 that for calculations of the solution with a computer, the terms of the total 
solution have to be discrete. The terms An (k), Cn(k), Dn(k), En(k), Fn(k), Gn(k), and Hn(k) are thus 
determined for each combination of n and k with the Bessel functions in the matrix and the second 
vector. For increasing values of n (up to 64) and k (up to 1024 m"1

) the termsin the 5*5 matrix(§ 2.1), 
in case of a three layer volume conductor model, become ve~ ill conditioned due to the behaviour of 
the I and K functions. The factors differ tremendously (1 0 5

) and the condition of the matrix will 
exceed the limiting value based on the machine accuracy. It is thus necessary to condition the linear 
set of equations. This can be achieved by rewriting the matrix. The terms in the second vector, An(k), 

Cn(k), Dn(k), En(k), Fn(k), Gn(k), and Hn(k) are multiplied by the corresponding I and K Bessel 
functions, In(P; k) and Kn(P;k) while the terms in the matrix are divided by the terms. As a result of 
this multiplication, combinations like Im(aJ!In(PJ and An(kJ * In(pk) do form. Mathematically the 
problem increases, however these terms are well-dimensioned as long as the fraction a/p; is in a 
region around 1 for higher orders of n, and when I m-n I is not too large [Goo90J. Changing the terms in 
the matrix by this sealing will thus improve the condition ofthe matrix. 

When an extra layer is introduced in the model, the matrix increases from 5*5 to 7*7 terms. This 
fourth layer, representing bone tissue (fig. 2.2), would be the inner layer with a low conductivity 
[Gra961, 0.005 il1 

m-
1

• This bone layer bas a reflective character on the current flow in the volume 
conductor and the potential distribution around the cylinder. A procedure was written to solve the 
seven linear equations with seven unknown variables. However, due to a doubling of the terms in the 
matrix and the position of the fibre, which is located now in the second layer, it had an impact on the 
possibility to the solve the problem. This happens especially for higher spatial frequencies k ( 2000 
m-

1
) and when the radii of the bone and the muscle layer differ to much. Another (complicated) 

sealing will be necessary to suppress this accuracy problem. Future developments will make this 
sealing however superfluous because other prosperous salution methods, finite element methods 
[Spa97J or finite difference methods do not use Bessel functions. An indication (the salution is in this 
case stabie for k < 1500 m"1

) what an extra bone layer does to the total salution is demonstrated in fig. 
3.6 for an active fibre at 5.5 mm depth. The contiguration for both cylindersis found in table 3.1. 
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Fig. 3.6.a. Potential distributionfor cylinder I (na bone). b. Potential distributionfor cylinder Il (with bone). 
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Table 3. /. Confif!uration (ar cylinder I and 11. 
Cylinder I Radius (m) Conductivity Cylinder II Radius (m) Conductivity 

(in n·l m'1) (in n·l m'1) 

axial, radial axial, radial 
muscle 0.0280 0.50, 0.10 bone 0.0280 0.005, 0.005 
muscle 0.0325 0.50, 0.10 muscle 0.0325 0.50, 0.10 

fat 0.0340 0.05, 0.05 fat 0.0340 0.05, 0.05 
skin 0.0360 0.75, 0.75 skin 0.0360 0.75, 0.75 

In case of a bone layer, fig. 3.6.b, the amplitudes are higher, probably caused by the reflective 
character of the bone layer. Also, calculations do show that the potential in n-direction in fig. 3.6.b 
does not decay as fast as in fig. 3.6.a, this difference is however marginally present. The influence of 
the bone layer will moreover in most configurations not be really significant, because of a much 
smaller radius of the bone layer ( 1.5 cm or less) in anatomical parts of the human body. 
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Chapter4 

Skin conductivity and EMG signals 
-model/ing. theory and experimental set-up-

Fora further use of the volume conduction model (chapter 2) and the interpretations of the outcome, 
it is very helpjul to know the conductivity of the skin. So far there are no measurements done at the 
conductivity of the skin. Only Burger {Ged67J did some measurements in the past. Burger determined a 
conductivity for the skin between 0.25 and 0.50 il1 m-1

. However, this was an indirect result from 
another experiment and there was no correction made for underlying fat and muscle layers. The 
conductivity of the skin influences nat only the shape of the signals at the skin, but also the 
amplitudes. We wil/ see this in§ 4.1. The theory behind the measurements ofthe conductivity ofthe 
human skin wil/ be explained in § 4.2 and the experimentalset-up of this measurement is treated in § 
4.3. Finally, in§ 4.4 the development of a self-made current stimulator is described, which enabled 
measurements with lower currents through the skin and no supply from the electricity grid. 

4.1. Relationship between MUAPs and the conductivity of the human skin 

The influence of the conductivity of the human skin on the surface MUAPs can be investigated with 
the volume conductor model, treated in chapter 2 and 3. This is done in this section by varying the 
value ofthe human skin conductivity between 0.01 il1 m-1 and 1.25 il1 m-1 in steps of a multiplying 
factor of 5. 

We assume a cylindrical volume conductor with the specifications in table 4.1 (conductivities of fat and 
muscle tissue are known from \iterature [Gie86, Ged67]. The conductivity of the fat \ayer is re\ative smal\, 0.05 il1 

m-
1 while 

the conductivity of the musc\e differs between axial direction, 0.50 il1
m-

1 and radial direction, 0.10 il1
m-

1 
). In this 

volume conductor a motor unit (MU) is situated at a depth of 6 mm. The MU is simulated by 300 
muscle fibres. Each fibre has a 'realistic' current strength, simulated by a mathematically description 
of the intracellular potential ( chapter 2). Fig. 4.1 represents a point of time of the muscle excitation. 
We will take this arbitrary situation to illustrate the dependenee of surface EMG signals on the 
conductivity of the human skin. 

In fig. 4.2, the simulated MUAPs at the upper side of the cylindrical volume conductor are shown. 
We see a clear change from a tri-pbasic (fig. 4.2.a, radial skin, axial skin equals 0.01 il1 m-1

) to a 
more-like mono-phasic signa! (fig. 4.2.d, radial skin, axial skin equals 1.25 il1 m-1

). We can also 
notice a difference in the maxima ofthe MUAPs (in J..LV). The differences between the signals for the 
several skin conductivities look at first sight intuitively correct, although, they need an explanation 
when trying to understand the differences ofthe MUAPs. 

Table 4.1. Specifica/ion of I he cylinder applied for the simu/ation in fif!. 4.1. 
Layer cylindrical Radius Conductivity Conductivity 
volume conductor (in cm) Axial direction Radial direction 

(in n·l m"1) (in n·I m-1) 

Muscle layer 3.2 cm 0.50 0.10 
Fat layer 0.1 cm 0.05 0.05 
Skin layer 0.2 cm 0.0 I ,0.05,0.25, 1.25 0.01, 0.05, 0.25, 1.25 
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inpV L 
Fig. 4.2.a.b.c.d 

Î Axial distance 

Fig. 4.1. Global representation of the simu/ation set-up. 
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Fig. 4.2. Calculated SEMG potentia/s for different conductivities of the skin layer (for observation fine. see fig. 4.1). 
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The MUAP we derive with the cylindrical volume conductor model at the surface doesexist because 
of a certain current flow through the volume conductor, induced by the 'simulated' MU. The current 
flow in the skin layer of course depends on the conductivity of that layer. High conductivity means a 
low resistance layer while a low conductivity indicates a high resistance layer. 

If the current now passes through the fat layer it enters the skin layer. Depending on the conductivity 
of the skin the current prefers to flow through the skin or fat tissue. If the conductivity of the skin is 
lower than the conductivity of the fat layer, current will not be spread over the surface of the skin and 
flow through the fat tissue (and muscle tissue). Only at those places where the current has passed the 
fat layer, which is merely nearby the places where the current strength is relatively large ( emphasized 
by the minus and plusses in fig. 4.3), the current will enter the surface of the skin, causing the steep 
peaks in fig. 4.2. In case of a high skin conductivity the current flow is more spread over the skin 
surface. That causes lower surface EMG potentials but also a more spread potential distribution. The 
situations for the different skin conductivities are roughly illustrated in fig. 4.3. Remember, fig. 4.3 is 
an indication, complete calculated current flows for the whole volume conductor would give an better 
picture. 

By these simulations it is made clear that surface EMG signals depend strongly on the conductivity of 
the skin. This is visible not only in amplitude but also in shape. The simulations can be combined with 
real measurements on a MUAP of a motor unit. The amplitude of these signals can indicate a value 
for the conductivity of the skin with the simulations in fig. 4.2. However, we have to assume then that 
the other parameters of the system are correct, precicious and sufficient to describe the volume 
conduction. Therefore, measurements are necessary to determine this skin conductivity. 
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Muscle Muscle 

Fig. 4.3. Schematic currentjlow for different conductivities ofthe skin. a. erskin << 0.10 Ohm"1 m·1
, b. CF.skin >> 0.10 Ohm"1 m·1

• 

4.2. Theory bebind the measurement of skin conductivity 

In the following seetion, field solutions and measurement equations are derived for determining the 
eleetrieal eonduetivities of isotropie eondueting media. The outeome, expressed in formulas, ean be 
applied to the measurement of the eonduetivities of the skin tissue. The formulas are reported in § 
4.2.1. The basis for the field solutions in § 4.2.1 is an infinite, homogeneous, isotropie eondueting 
medium. Correetions for the finiteness of skin thiekness are made in§ 4.2.2. The theory in§ 4.2.1 and 
§ 4.2.2 is applied in§ 4.2.3 to obtain theformulafor the measurement ofthe human skin eonduetivity. 
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4.2.1.The Poisson equation and an isotropie infinite conductor 

For isotropie media the solution of the electrastatic equation of continuity can be obtained. A similar 
problem, but then specialised on muscles, has been treated by S. Rush [Rus62, Smy50J. 

The basis of many electrostatical problems is the electrastatic equation of continuity, the Poisson 
equation, which can be written in rectangular co-ordinates as 

(4.2.1) 

in which J (a vector) is the current density (Alm\ V the potential in the media and crx ,cry and cr2 the 
conductivities in the x,y respectively z-direction. The co-ordinate relations are drawn in fig. 4.4. 

z 

y 

x 

Fig. 4. 4. Co-ordinale relations for the proposed problem. 

Assume now a current souree in an isotropie conducting medium ( cr = crx = cry = 0"2 ) and a sink 
infinitely far away. The souree has a radius Ra and represents a electrode (§ 4.3). The 'point souree 
salution' is of particular interest and is found by assuming x,y,z very large (») opposite to Ra. The 
solution of (4.2.1) can be written in terms of the total current I, leaving the electrode, by integrating the 
normal component of J over a closed surface, 

V= I 
4.7ro- p· 

(4.2.2) 

p' is the distance to the origin. For a semi-infinite medium, the conductivity is zero for the area 
above the x,y plane (usually consisting of air). In the latter case, the potential becomes 

V- I 
- 2.7ro-p· 

(4.2.3) 
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z 

Fig. 4.5. Electrode conjiguration. (1/J can differ from 0 to 90 ') 

4.2.2. Finite thickness of the human skin 

1t may happen that the isotropie material of interest, fig. 4.5, has a limited extension in the negative 
and positive z-direction, z <-hand z > 0; the shape being referred to as a 'slab'. When slab thickness, 
h, is less than twice the electrode spacing aied• the effects of the boundaries make (4.2.2) and (4.2.3) weak 
approximations. The electrode spacing is the distance between the electrades in the electrode 
arrangement in fig. 4.5. This arrangement will be used in chapter 5 todetermine the skin conductivity 
(see also § 4.2.3). The electrode spacing aied equals 6 mm in the experimental set-up (§ 4.3), the 
human skin thickness is at most places certainly thinner then 12 mm, so equation (4.2.2) needs to be 
modified. 

Consider the actual geometry in fig. 4.5, a subdivision of space into three plane-parallel sections, each 
of these being homogeneous. O'c is the conductivity of the layer above the material of interest, z > 0, 
crb the conductivity of the material of interest, -h < z < 0, and O'a the conductivity of the layer under 
the material of interest, z < -h. 

The potential distribution in the three divisions of space can be worked out with the principle of 
electrical images. This principle deals with the discontinuities in conductivity at bath sides of the 
boundaries and is known from classica! electrastatics [Pan62, Oos78]. 

This principle is applied on the problem. The potential inside the material of interest due to the 
source, to the first order left- and right image and all subsequent images can be expressed as 

V(x) = Voo(x)+ L {Ln(x)+ Rn(x)} 
n=I 

(4.2.4.a) 
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with V 00(x) as (4.2.2) 

x a point in space with co-ordinates x, y, z 
Lk(x) image in the layer (<ra) below the material of interest= 

{
K, -l}"'{K2 -l}"'v(x-nh) 
K+l K+l "' 3 

I 2 

Rk(x) image in the layer (ere) above material of interest= 

{ 1}~{ 1}~ 
:::1 :::1 V.,(x+n.h) 

n = 1, 2, 3, ....... , the number of electrical images 
n1 = entire (n/2), 
n2 = ent i re ( n+ 1 )/2, 
n3 = 2nl> 
n4 = 2n2, 

K1=crafcrb; Kz=crcfcrb, 

The image is directed to below for odd values of n and to above for even values of n. 

(4.2.4.b) 

(4.2.4.c) 

When one knows the souree and the conductivities of all the three layers, the potential distribution 
could be calculated. Reverse this is not valid, although one might measure the potential distribution 
one could not calculate the conductivity of the slab even if one knows the conductivities of the layer 
above the material of interest (<re) and the layer below the material of interest (<ra). One has, by the 
summation over n, to deal with n1

h degree equations which are not mathematically solvable (n has to 
be certainly larger than 2 to use principle of electrical images). 

However, exact mathematica! expressions for the conductivity of the slab can be derived when the 
boundaries of the slab are either a 'perfect' conductor or an insulator, that means that <ra and <re are 0 
or oo. Consider a situation with 0"0 = 0 and <re= 0. K 1 and K2 are consequently zero and disappear out 
of (4.2.4.b) and (4.2.4.c). We obtain then 

(4.2.5) 

The situation in fig. 4.6.a is thus described with a system of images in fig. 4.6.b. The electrical images 
extend to infinity in the plus and minus z-directions, spaeed a distance 2h apart. The images are equal 
in strength to the souree plus its image in the z = 0 plane, 21, and are of the same sign when O"a = 0 
and <re= 0. The images create an artificial boundary in the shape of current 21. The extension in 
infinity is necessary to counteract each other. The potential on the surface can now be 'calculated' 
using the principle of superposition, that is superimposing the potential fields from n sourees with 
strength 21. The resulting potential distribution at the slab surface (z=O) of the medium can now be 
calculated with (4.2.5). 
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"' z z 

1:> 

21 
ere= 0 

I r y y - 21 

z = -h 

\..._ 21 

U 0 = 0 
'1/ 

Fig. 4.6.a. Situa/ion in the yz-plane. Fig. 4.6.b. Situa/ion with system of images. 

4.2.3. The measurement equation 

The measurement of the conductivity of the material of interest (from now on, cr) with two layers of 
zero conductivity above and below, can be made by applying equation (4.2.5) to a simple electrode 
arrangement on the regarding piece of tissue, drawn in fig. 4.5. The electrades consist offour, equally 
spaced, approximately spherical, conductors of small size. The dimensions of the electrades must be 
such as to make (4.2.2) a good approximation at a distance aied from the origin; and to eliminate for 
practical purposes, perbutations of the potential field by the remaining conductors, the souree at 
position 1 and the sinkat position 4. Electrades at position 2 and 3 are connected with an amplifier 
(§ 4.3) and measure the potential difference, L1V23, between position 2 and 3. The potential difference 
due to the current souree electrode at position 1 can be found from (4.2.3). Noting that the sink 
electrode at position 4 doubles this potential but moreover the finite thickness of the skin (§ 4.2.2), 
the potential difference between position 2 and 3, measured on this isotropie piece of tissue, equals 

~ ~.3 = Z:r ~ o- [ 1 + 2b(2[1 + (2nh I a;ed )2
]-

1
'

2
- [1 + (nh I a;ed )2

)-
112 

)] 

1cd 

(4.2.6) 

for rjJ = 0 ... n/2. 
torn= 1 .. 500 

4.5 

4 

ê 3.5 
s 
Qj 

"tl 3 
I!! 
.c 
!!! 
~ 2.5 

2 

1.5 
0.2 0.25 0.3 0.35 0.4 0.45 0.5 

h(incm) 

Fig. 4.8. Value between brackettermsin (4.2.6) vs. skin thickness. 
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For the terms between the brackets in (4.2.6), the values of aied (electrode spacing) and h (skin 
thickness) are of great importance. That is illustrated in fig. 4.8 for experimental parameters (§ 4.3) ; 
aied equals 6 mm and the skin thickness varies between 2 and 5 mm. The converging series are 
summed until n = 500 (for increasing values of n, the value between the bracket terms changes 
barely, a factor 10"10

). 

The terms between the brackets will eventually converge to 1 if h extends to infinity and (4.2.3) 

remains (z=O). The conductivity of the skin, cr in (4.2.6) can thus conveniently be found from the 
measurement of ..1V23 , a known current I, the electrode spacing aied and the skin thickness h. 

4.3. Experimental set-up of the skin conductivity measurements 

The best way to illustrate the experimental set-up is a description of the measurement equipment 
according to fig. 4.9 and fig. 4.10 below. 

An important part of theset-upis the electrode 'grid'. The grid consistsof 63 electrodes, placed into 
perspex holders which are connected to each other with plastic fibres. The contiguration of the 
electrades is shown in fig. 4.10 (drawn according to real dimensions). The electrades-diameter of 1 
mm, gold-coated, cylindrical shaped with a robust round shape at the downside - are placed on the 
skin and measure the surface EMG potentials on the positions where they are settled. The potentials 
measured on the electrode grid are sampled with 2000 or 4000 Hz and are then amplified with a 64 
channels amplifier. The reference (REF), the common sense, (CMS) and the driven right leg (DRL) 
are placed on the human skin at certain positions. The CMS is responsible for a stabie potential of the 
human skin and works tagether with the DRL. This DRL is an output to counteract signa! disturbances 
(potential changes) of the human skin (read CMS) which occur during measurements. The REF is 
subtracted from the potentials measured at the electrodes. The electronica! contiguration of the 
amplifier, conceming the DRL, CMS, REF and the channels 2,3 ... 64 is schematically drawn in 
Appendix B. The amplifier has a bandwidth from 3 to 800Hz and is developed by Vision Research®. 

The current I is provided with a physiological current stimulator which is able to produce a output 
current between 5 and 300 JLA. The maximum impedance for the current stimulator is 250 kil The 
current stimulator gets its input from a function generator so the current stimulator is able to produce 
several signa! forms in shape and frequency. 

Personal 
Computer 

I Function 
: .. -I generator 

Current simulator 

... ---. -1..._ Bu_ó-fJer_...l-- - -- -- -- -- -- . --

DRL 

REF.:. CMS 

64 channel 
amplifier 

' ' 

4.10 ·--------------- : 

------------·-·- . 

-- ~~~c:~~~e-~~i~-~-Clig: l 2 .. .32 l l 
,....................... :··----------------------· 

'- ...... " 33 ... 64 

Fig. 4.9. Schematic presenta/ion ofthe experimental set-up. 
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The signals are then transported to the buffer with an optica! glass fibre. The buffer collects the 
signals and sends them per channel to the data acquisition card of the computer. The signals are then 
displayed on the screen. The signals can be saved and undergo a further operation if necessary. The 
data acquisition program is written in CVI/Lab Windows ® and further calculations ( chapter 5) are 
done with Matlab for Windows®. 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 

0 0 0 0 

1,2cm I 0 0 0 0 0 0 
42 34 3 11 
43 35 d 0 12 0 0 0 0 

0 0 0 0 0 0 
44 36 5 13 

0 á5 037 06 014 0 
D pmplcr hold" 

0 0 0 0 
aied::::: 

0 0 
0.6cm 

0 0 +--+ 
o electrode 

0 0 0 0 0 0 0 0 0 0 0 0 

Fig. 4.1 0. Electrode grid (drawn in real dimensions). 

4.4. A secoud current stimulator 

The experimental set-up in fig. 4.9 (§ 4.3) exists among other things of a current stimulator, feed by 
the function generator. This current stimulator was used during experiments we will describe in 
chapter 5 (§ 5.2). To insert a lower current into the human skin another 'current' stimulator has been 
developed which enables lower currents ( < 1 ,uA) and has no supply from the electricity grid. The 
stimulator, drawn in fig. 4.11, del i vers not a completely stabie current because the impedance from 
the electrode to the skin, Ze, does change between measurements. 

The stimulator is feed by a battery of 9 Volt at the 310XB. This is a divider which splits the 9 V from 
the battery into 0 V, a virtual ground and + 9 V. The TLC555 is a timer. It takes care of the frequency 
of the signal, determined by the values of the resistances and the capacitor. In this situation these are 
10 kQ, 0.1 j.JF and 2.2 MQ which induces an frequency of 34.19 Hz (and a equal duty cycle). The 
signal, originating from the TLC555 has a formation of a bloc. 

The CD4053 BE combines now the input from the 310 XB and the TLC555 (signal with a formation 
of a bloc) in two opposite block signals with an amplitude of 4.5 V originating from 14 and 15 of the 
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CD4053 BE. The potential difference between 1 (fig. 4.5) and 4 (fig. 4.5), and thus the current 
through the skin, depends now on the chosen R in fig. 4.11. 

Evaluation of the electronic scheme leams that, when R equals 3 70 kQ, the current through the skin 
varies between 0.5 and 1.1 f.lA.. This depends on Ze, the impedance of the skin-electrode transition 
with respect to the current souree at position 1 and the current sink at position 4 (Ze varies normally 
between 200 and 500 kfl). The capacitors in the stimulator filter low frequencies and take care of 
sudden current shortages. 

2.2Mn 0 0.01 1-1F 

--I Hl~ 
47kn Virtual ground J 

" Jokn [) 

I ~~I I 

I I 
I T 4.5V ·--

9V 8 7 6 5 8 7 5 

--- 1310 XB I 47kn ITLC 5551 

I 2 3 4 I 2 3 4 

I I I lil L I 

L.r h 
'I 

) 
I 

I I I I 
4.5 V. L-_j_ 16 15 14 13 12 IJ JO 9 

--· 
---::r:- 100 1-1F jen 4053 BEl -

-
_I_ 

100 1-1F I 2 3 4 5 6 7 8 
-4.5V T Lr ~ I I ..... 

I 
-L---
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:11. 
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Fig. 4.11. Current stimulator developed for low currents (< 1 pA) and a battery supply. 

Chapter 4. Skin conductivity and EMG signals 



51 

Chapter 5 

The conductivity ofthe human skin 
-measurements-

With the experimental set-up and the theory in chapter 4 we are able to estimate the conductivity of 
the human skin. In § 5.1 the experimental set-up in chapter 4 is calibrated. In § 5.2 the results of the 
skin conductivity measurements are shown. Changes in the experimental parameters are made in § 
5.3 (current) and § 5.4 (tempera/ure) and the consequences of these changes on the measured skin 
conductivities are presenled in the accompanying sections. Finally, in§ 5.5, the measurements in the 
previous sections are discussed. 

5.1. Calibration of the experimental set-up 

The experimental set-up in chapter 4 needs to be calibrated. This calibration consists of three parts, 

+ Investigation ofthe synchrony ofthe channels from the amplifier, 

+ Investigation of the amplitude distribution of the signals, and 

+ A comparison between measured and calculated conductivities with literature values of a 
known solution. 

The first and second part of the calibration were done with a 10 m V sinusoidal signal, generated with 
the function generator. This signal was directly connected with the 63 channels in the amplifier (nol 
with the electrode grid). The REF, DRL and CMS were connected to the earth of the function 
generator. The signals we eventually would receive in the computer should have the same phase and 
amplitude as induced by the stimulus. Besides, during the calibration of the amplitudes of the signals 
one could also look at the decay at the boundaries of the bandwidth of the amplifier (3-800 Hz). For 
this purpose the frequency of the sinusoidal signal was simply changed. 

5.1.1. Phases 

The phases of the measured signals (at the 63 channel e1ectrodes) are quite similar with a standard 
deviation of0.5° when varying the frequency in a range between 10 to 500Hz. In fig. 5.1, the phases 
of the measured signals are plotted against the channel numbers for a 100 Hz sinusoidal signal (phase
axis between 20 and 30°). The average phase in fig. 5.1 differs between every measurement, it 
depends namely on the phase of the sinuso i dal signal when the measurement starts respectively en ds. 

Chapter 5. The conductivity ofthe human skin 



52 

5.1.2. Amplitude 

For lower frequencies (3-100Hz) a decay ofthe signals in amplitude can be noticed when we apply 
the sameinput from the function generator (10 mV sinusoirlal signa!) on the 63 channels. In fig. 5.2, 
the results ofthe amplitude calibration are worked out. The dotted line represents the target value (10 
m V). The bandwidth of the amplifier is thus clearly present. The circles at each frequency show the 
standard deviation of the measured values for the channels at that frequency. We see a decay of 3.2 
dB from 10 to 3 Hz (specification is 3 dB) and there is still a small decay of about 0.5 dB between 10 
and 100Hz. 

-40 -8······························· 

êè 0 
~ ~~--------~ 
:§. 0 0 
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c: 
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frequency (Hz) 

Fig. 5.2. Decayin amplitude asfunction ofthefrequency. 
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5.1.3. Conductivity of a known aqueous solution 

The third calibration step was a comparison between measured conductivities of an aqueous solution 
with the experimental set-up and known literature values. A piece of oasis material drenched in a salt 
water solution with a concentration of approximately 0.08 M NaCI was used as cabbration solution. 
This solution is purely resistive and homogeneous and after correction for the above named 
cabbration factors, it should therefore give a constant conductivity for all frequencies. The measured 
signals showed after calculation with (4.2.4) (correction for finite thickness was not necessary) 
conductivity around 0.7 Ohm''m·' for frequencies between 10 and 200 Hz. That conductivity is 
reasonably close to a literature value for a salt water solution with a concentration of 0.08 M NaCl 
[Gab961, 0.8 Ohm'1 m·1• 

5.2. Results of skin conductivity measurements 

Like already mentioned in § 4.2.2 and § 4.2.3 we have to measure at a spot where the tissue layer 
under the skin layer has a conductivity which is expect to be much smaller than that of the skin. The 
ideal situation is of course a layer with zero conductivity. This is however not feasible on an 
anatomical part of the human body, but if the layers fulfil the relationship ( Oiayer < < < askin) (4.2.6) is a 
good approximation of the potential difference. If the layers do not, we won't be able to use (4.2.6). 

Modifications of equation (4.2.4) by the changed anatomy are in that case giving us equations of n1
h 

degree (4.2.5) which are not solvable mathematically (§ 4.2.2). 

Parts of the body with a bone layer close to the skin surface fulfil the relationship ( Oiayer < < < askin) 

very sufficient. The conductivity of bone tissue is basically lying between 0.005 and 0.01 (Dm/ 
[Gab96). The skin over the head at some places and also the skin over the tibia ('shine bone') are good 
sites. Furthermore, the smaller the subcutaneous fat layer between skin and bone, the better is (4.2.6) an 
approximation of the conductivity of the skin. In this thesis measurements are focused on the skin 
above the tibia. A cross-section in the lower limb midway the tibia shows us the anatomy in that area 
fora person with a relatively large amount of fat tissue (fig. 5.3). 

Measurement area 

tibia 

calf---

Fig. 5.3. Cross-section of a human body midway the lower leg. 
The tibia circumference is indicated by the white line. 
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The skin layer above midway the tibia has a thickness between 2 and 3 mm in most subjects. There is 
also a small fat layer with a thickness between 0.5 (male) and 1.0 mm (female). With the help of 
echography and/or a sliding calliper we could determine the thickness ofthe layer above the tibia. 

Amplifier 

DRL 

Electrode grid 

z x 

CMS 

REF 

Fig. 5.4. Picture of the skin conductivity measurement above the tibia. 

The electrode grid is thus placed on the skin above the tibia (fig. 5.4, fig. 5.5). Only hair was removed 
from the measurement area, no other preparation took place (in clinical surface EMG, the skin is 
mostly robbed with gel to remave dead skin cells and sametimes cleaned with alcohol, this to reduce 
the impedance between the electrades and the skin) . The electrades 34 and 37 in fig. 4.10 were 
connected with the current stimulator and are thus consequently nat connected with the amplifier. 
Electrode 35 and 36 were used to measure the potentials V2 and V3 (see fig. 4.5). The grid was 
positioned vertically ( distal, proximal) on the tibia. The CMS and the REF are placed on the pa tel la 
(knee cap), the DRL on the ankle (fig 5.5). 

• ••••••• • ••••••••••••• )> 

Fig. 5.5. Schematic set-up ofthe measuring situation. 

Chapter 5. The conductivity ofthe human skin 

front view 

0 42°34°3 
0 35 
0 36 
0 37 

0 
11 

3.5 ... 4.5 cm (width tibia) 



55 

Table 5.1. Some eharaeteristies of the hea/thy subjeets. 
Subject name A ge Temperature Thickness Subject name A ge Temperature Thickness 

skin in oe skin in mm skin in oe skinmm 
I m 23 31 ±I 2.5 ± 0.5 V f 35 29 ±I 2.5 ± 0.5 

II m 23 31 2.5 VI m 24 28 3.0 
lil m 51 31 2.0 VII f 25 31 2.5 
IV m 27 30 2.5 

The width of the tibia directly under the skin varied between 3.5 and 4.5 cm, a factor 6 to 8 times 
larger than the electrode spacing aied• 0.6 cm. The measurements in this chapter were done at 7 
different healthy subjects (5 males, 2 females). In table 5.1. some characteristics of the subjects are 
summarised. 

The current through the skin was a sinusoidal signal with a strength of 25 f1A at the frequencies 5, 10, 
20, 50, 100, and 200Hz for each subject. The current was supplied by the current stimulator in fig. 4.9 
with the input from the function generator. 

A measurement result is shown in fig. 5.6 below. The current during this measurement was sinusoidal 
and had a frequency of20 Hz. We are, consequently, able to see this 20Hz component in the Fourier 
transformation ofthe potential signals (10000 = 5 mV) from channel35 and channel36 (fig. 5.6.a and 
b ). In fig. 5.6.c the potential signals at channel 35 and channel 36 are plotted against time (2000 = 1 
sec). We can also notice a 50 Hz component - and higher harmonies - in the Fourier transformed 
potential signals from channel 35 and channel 36. This is a problem of the current stimulator (it is not 
that perfectly isolated from the electricity grid as it should be ). 
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Fig. 5.6. Signals during measurement of skin eonduetivity with eurrent stimulator in fig. 4.9. a. Fourier transformation ehanne/35. 
b. Fourier transformation ehannel 36. e. Channe/35 and ehannel 36 vs. time. d. Channe/35 MINUS Channe/36 versus time. 

e. Phases ofthe Fourier termsjor 20 and 50 Hzfor three ehannel pairs.f Fourier transformation Channel 35 MINUS ehanne/ 36. 
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However, the 50 Hz component disappears when the signal at channel 35 is subtracted with the 
potential signalat channel36, fig. 5.6.d. In fig. 5.6.e, the phases ofthe Fourier terms for 20 and 50Hz 
are shown for three electrades pairs : 43 and 44, 4 and 5, and 35 and 36 (see fig. 4.10). Electrades 
43,4, and 5lay close to electrode 34 while 44, 5, and 36lay close to electrode 37. The phases of 4, 35, 
and 43 are mutual almast the same just like the phases of 5,36, and 44. The phases between the 'upper 
group (4.35,43)' and the 'down group (5.36.44)' differ 180° as you would expect (the virtual ground of 
the skin is positioned between electrode 35 and 36). Fig. 5.6.f shows the Fourier transformed from 
fig. 5.6.d. The value corresponding to the 20 Hz component in fig. 5.6.f is the value representing 
L1V23 in (4.2.6) (one could also taketheroot mean square (RMS) value out of fig. 5.6.d). 

The total result ofthe measurements at the conductivity ofthe skin is displayed in fig. 5.7 (subjectl
VI). The six histogramsper subject illustrate the conductivities for the frequencies 5, 10, 20, 50, 100, 
and 200 Hz. The measured conductivity varies between 0.83 and 1.10 n.-1 

m-I and there is no 
significant evidence for a relationship between the frequency of the current and the skin conductivity 
in the range between 5 and 200 Hz. The temperatures of the skin during the measurements at the 
subjects arealso shown in fig. 5.7 (see for temperature relationship, § 5.4). 
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Fig. 5. 7. Conductivity of the human skin against frequency in vertic al and horizontal direct ion. 

Another measurement at the conductivity of the skin in 'horizontal direction' was done by using the 
electrades in horizontal direction (from medial to lateral direction). The electrades 11 and 42 (see fig. 
4.10) were used as point sourees and electrades 3 and 34 measured the potential V2 and V3 (fig. 5.5). 
The conductivities were consequently 10 to 15% lower (see Appendix A.3 for formulas in case of a 
different conductivity between the horizontal and vertical direction). In fig. 5.7 the results are shown 
for Ilh (horizontal), Illh and Vh. The measurement situations, however are not the same. During the 
measurement of the conductivity from medial to lateral direction the souree electrades are more 
positioned along the si des of the tibia. 

Another set-up was tried to reconfirm this statement. The electrode grid was placed over the calf. 
Directly under the skin there is no bone tissue, but basically isotropie fat tissue. A few measurements 
were done on that position, horizontally and vertically. Vertically on the calf showed somewhat 
higher conductivity (0 to 5 %) than in horizontal direction, not enough however, to speak about a 
significant difference between the conductivity in horizontal and vertical direction. 
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5.3. Relation between skin conductivity and current flow through the skin 

The measurements in§ 5.2 were done with a current of 25 )lA. During EMG experiments the current 
flow through the skin is, however, considerably lower. Measurements with a lower current are thus 
necessary to find out if there is a relationship between current and skin conductivity in a range of 0.5 
up to 25 )lA. 

To determine a possible relationship between the skin conductivity and the current through the skin 
layer, the current 'stimulator' in§ 4.4 (fig. 4.11) was used. With this stimulator it is possible to lower 
the current through the skin to a value of 500 nA, with the formation of bloc. Lower currents than 500 
nA (already a factor 50 smaller than in § 5.2) can be produced toa with this stimulator, however, the 
potential changes in the skin layer would be to small to amplify and the signals disappear in the noise 
ofthe amplifier (50 ,uV). 

Measurements were done on subjects LIL/V and VI. Aresult of a measurement is shown in fig. 5.8 
below. 
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There are several differences between fig. 5.6 and fig. 5.8. The current in fig. 5.8 has the formation of 
a bloc. Thus the Fourier transformed of this block signal is composed of frequency !basic (34.9 Hz) 
with amplitude Ao, frequency 3*fbasic with amplitude 113A0, frequency 5*fbasic with amplitude 115A0 
and so on. This can be noticed in fig. 5.8.a, 5.8.b and fig. 5.8.f. 
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Another difference appears between fig. 5.6.d and fig. 5.8.d. Not only is the signal in fig. 5.8.d a 
block signal, it also decreases when the potential has switched over while it should be constant. This 
is caused by aso-called double layer which occurs between the current electrades (34 and 37) and the 
skin. This double layer between skin and electrode (Boe78J is built up automatically and hampers the 
penetration of the current into the skin. This double layer -an infinitesimally thin interface between 
the electrode and the tissue due to complicated biochemical reactions (Gre81J- is electrically 
represented by a parallel combination of a resistance and a capacitor. When the block signal switches, 
the double layer (at least the capacitor component) is practically transparent for this high frequency 
behaviour. 

Before the block signal switches reverse, the constant potential difference at electrode 34 and 37 has 
an DC behaviour. The impedance of the double layer increases because of the capacitor, the current 
through the skin decreases and thus, also the potential difference between channel35 and channel36. 

The value of L1V23 is determined by calculating the RMSvalue of fig. 5.8.d. Taking the potential value 
ofthe frequency component 34.9 Hz in fig. 5.8.fwould in this case be inaccurate. 

The measured conductivities of the subjects J,II,IV, VI are shown in fig. 5.9. On the y-axis stand the 
conductivities for the self-developed current stimulator while on the x-axis the skin conductivities 
from fig. 5. 7 are placed. The temperatures of the skin were practically the same in both situations. 
The uncertainty margins in fig. 5.9 represent the varia ti ons in skin conductivity during recurring 
measurements under the same conditions. 
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0.9 

0.8 

0.8 0.9 1 1.1 
skin conductivities fig. 5. 7 (25 j.LA) in Q 1 m-1 

Fig. 5.9. Skin conductivities duringa current of 25 j.LA through the skin against skin conductivities with a current between 
0.5 and I. I j.LA. 

From the measurements in fig. 5.9, it seems that a slightly lower conductivity belongs to a lower 
current flow through the skin. However, there is no indication for a really significant relationship 
between the current flow through the skin and skin conductivity in the range of0.5 and 25 pA. 
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5.4. Relation between skin conductivity and temperature 

Consiclering the results in fig. 5.7, it seems that a lower temperature consistently belongs to a lower 
conductivity. If the temperature of the skin really influences the conductivity of the skin - which is 
sarnething one intuitively would expect - is investigated in this section. 

Possible temperature relationships are determined by a three-step protocol. Firstly, the conductivity of 
the skin is measured at normal skin temperature, depending on subject, between 28 ± 1 oe and 31 ± 
1 oe. After this, the temperature of the skin is lowered with a cold 'ColdHot Pack' to 17 ± 1 °C. The 
'ColdHot Pack' is removed of the skin and the skin conductivity is measured during a slow 
temperature increment from 17 ± 1 oe to 26 ± 1 °C. This temperature increment has a natura} cause. 
The final measurements at the conductivity of the skin are done after the temperature is raised up to 
32 ± 1 oe by means of a warm 'ColdHot Pack'. 

The temperature measurements are done in subjects I,II,IV, VI and VII. The current through the skin 
was 0.8 to 1.1 j.JA. Electrode 35, 36 (§ 5.2) are the measuring electrades while electrades 34 and 37 
supply the current. The electrode grid is placed like in fig. 5.4 and fig. 5.5. The results of the 
measurements are shown in the underlying figure. 
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Fig. 5.10. Skin conductivity against temperature. 

The measurements indicate a positive linear relationship between temperature and the skin 
conductivity askin- A linear fitting was done with the least squares method. This methad calculated the 
slopes of the linear equation between temperature and skin conductivity. The average slope is 
approximately 0.015 ± 0.002 il1

m-
1/0C (see for individual slopes fig. 5.10). The relationship is thus 

linear in the temperature area ofthe measurements according to (5.4.1) 

(5.4.1) 

Chapter 5. The conductivity ofthe human skin 



60 

5.5. Discussion 

The simulation in § 4.1, chapter 4, showed a significant difference in surface potentials when using 
different kind of conductivities for the skin ( Upskin = OZskin = 0.01, 0.05, 0.25, 1.25 n.-1 

m-
1
). When the 

conductivity of the skin is increased, the simulations show that the potentials are more spread over the 
surface (a smaller decay along the axial direction) and that the amplitude of the surface potentials is 
getting considerably lower when the conductivity ofthe skin is increasing (see fig. 4.2). 

Measurements and simulations of [Roe97] showed that the conductivity of the skin layer should be 
considerably higher than the conductivity of the fat layer (0.05 il1 

m-
1
). Measurements of the 

conductivity ofthe skin in§ 5.2 and § 5.3 support this. The measured conductivities vary from 0.83 ± 
0.30 to 1.05 ± 0.38 il1 

m-
1
, and are not related to the frequency of the current in the range of 5 to 500 

Hz. 

The spread in the measured skin conductivity during recurring measurements (5 %) under the same 
conditions (temperature ofthe skin, position electrode grid, frequency signal) is far much lower than the uncertainty of 
the conductivities ofthe skin (40 %). In the latter uncertainty, four extra parameters do play a role: 

Table 5.2. Uncertainties of skin conductivity. 
Type of error estimations of uncertainty 

The current through the skin (Ze changes) "' 2% 
The electrode spacing a;ed between the measuring electrades "' 5% 
(bulging of the skin, contact surface between electrode and skin), 
The conductivity of the layer under the skin layer is notzero (§ 4.2) "' 5-15% 
The thickness of the skin layer "' 20% 

The conductivity we measured and calculated with (4.2.6) is determined by assuming that the 
conductivity of the skin layer is isotropie (§ 4.2). To confirm this assumption the electrodes were 
placed in a horizontal configuration. The measured conductivities in horizontal direction (lateral 
medial) were for subject IJ 0.80 ± 0.26 il1m-1

, for subject JIJ 0.82 ± 0.25 il1m-1 and for subject V 
0.75 ± 0.23 il1

m-
1
. These conductivities are lower than the conductivities in vertical (proximal distal) 

direction, indicating that the skin slightly differs concerning the conductivity between the x- and y
direction. However, the current flow during the horizontal conductivity measurement is more located 
on the si des of the tibia so that I 0-15 % is an approximation of the situation. Measurements at the calf 
muscle do also not support a difference of conductivity between the horizontal and vertical direction. 

A second anisotropy could be hidden in the conductivity of the skin layer between the axial direction 
and the radial direction of the volume conductor. The conductivity in the z-direction, from inside the 
body to the outside ofthe body, is however impossible to measure (with the present experimental set
up). Later on in this discussion this subject will be brought up again. 

The current we used during the conductivity measurements in y-direction in § 5.2 was approximately 
25 J.LA. Since the skin has a cell structure (§ 1.4) it is plausible that the conductivity of the skin is 
related with the current through the skin. Therefore a current stimulator was developed which could 
produce a current of 0.5-1.1 J.LA with a frequency of 34.9 Hz, and has the formation of a bloc. This 
current approaches the current flow that exists during normal surface EMG which lays between 0.01 
and 1 J.LA ifwe observe the actual maximal amplitudes ofreal SEMG potentials (10-1000 ,uV). 

With a lower current, the conductivities were somewhat lower than the conductivities of§ 5.2 (fig. 
5.9), however, not enough todetermine a significant relation between current and skin conductivity in 
the range of 0.5 to 25 J.LA. Lower currents were practically possible, because the potential signals at 
the electrodes would disappear in the noise ofthe amplifier c~ 50 ,uV). 
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In § 5.2 one could notice that the skin conductivity is possibly related with the temperature of the 
skin. This relationship should be present if you think that blood vessels 'shrink' or 'close' during 
lower temperature and that skin is more open, producing sweat, when the body temperature is rising 
during exercise or warm weather. That should have, logically spoken, some effect on the conductivity 
of the skin. There is indeed a relationship, obtained out of measurements, (5.4.1), that implicates that 
the conductivity of the skin increases with 0.015 ± 0.002 il1 m-1 per increment of skin temperature 
with 1 "C. If we look back at the simulation in fig. 4.2 this would indicate that a lower skin 
temperature improves amplitude and shape of the signal. It also induces that the conductivities in § 
5.2 will come more close to each other if they are compared for the same skin temperature. Still, a 
difference exists between the subjects. The obtained results are however, not enormously spread 
(maximum difference 25 %) in opposite to the subjects which varied in sex, age and skin colour 
(subject IV). 

With the measurements in this chapter we obtained a value for the conductivity of the skin, 0.95 ± 
0.35 n.-1 m-1 (temperature 30 ± 1 "C). Earlier remarks were made about measurements and simulations 
of Roeleveld (Roe97J. Roeleveld measured the relationship between the depth of a motor unit (in the 
upper arm, biceps branchii) and the maximal amplitude of the negative peak Nu (fig. 4.2) of the 
signal. F or a MU at a depth of 5 mm Roeleveld obtained fig. 5.11 within a volume conductor referring 
to § 4.1 and where intheskin conductivity equals 1.0 n.-1 

m-
1

. 

·····> 

MotorUnit 

measuredl 
simuialed 

10 

0 
r (in mm) 

Fig. 5.11. Re/at ion between measured and the modelled MUAP parameters. 

ris the radial observation distance which increases along the angular direction in fig. 5.11 (MU depth 
stays at 5 mm), JIJ the three layer model, Ilb a two layer model consisting of muscle tissue and fat 
tissue and !Ia is a two layer model consisting of muscle tissue and skin tissue. A value of 1 for all 
values of r ( dashed line) would prevail a perfect match between simulated and measured data. Ilb is 
certainly an improper way of representing the volume conductor, !Ia is considerably better (the high 
conductivity takes care of smaller decay of the signals along angular direction), but JIJ shows the best 
results. This was an significant indication that the conductivity of the skin should be larger than the 
conductivity of the fat layer. 

Fig. 5.11 does say something about the ratio of the measured and the simulated signals, however, the 
measured signals were scaled to the simulated signals. There was no comparison made between the 
absolute amplitudes of the measured signals and simulated signals. With the theory in § 2.2 and § 2.3 
(the coupling of intracellular potentials in the model), it is possible to compare the amplitudes of the 
measured and simulated signals. 
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If simulations are made with a conductivity fortheskin of 0.95 Ohm-Im-1 and the motor unit depth d 
is varied between 3 and 30 mm we can calculate a relationship between Nu and d with the simulation 
model for a volume conductor with the specification of table 4.1. That relationship is drawn in fig. 
5.12. This is compared with measurements of [Roe97J at MUAPs at the surface of the skin above the 
biceps branchii, 
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Fig. 5.12. Relationship between d and Nu for several MUs in the biceps branchii ([Roe97}) and the volume conductor model. 

In fig. 5.12 a Qd-factor is introduced, which represents the decay ofthe MUAP with increasing motor 
unit depth. The decay is represented in (5.5.1), 

(5.5.1) 

Qdz describes for a specific position z along the surface of the volume conductor, how fast the MUAP 
, the negative peak Nu from the MUAP, decreases with increasing d, the depth of a motor unit. kz is a 
constant and equals the amplitude estimate of Nuz at a distance where dk is set to 1 mm. d(i)ldk is the 
ratio between the depth ofMU i, d(i), and dk. 

The Qd-factor from the measurements (Qdmeas) equalled 1.85, the Qd-factor of the volume conductor 
model (Qdmodel) 2.00. The amplitudes also match remarkably well (to simulate the exact number of 
fibres is of course impossible ). The Qd of the model will probably further approach the Qd-factor of 
the measurement when we assume a 'reflective' bone layer in the volume conductor (it reflects 
current back). 

It was mentioned that the conductivity of the skin layer in the radial direction could not be measured 
and that is was assumed to be equal to the conductivity in axial direction and angular direction. The 
influence of this conductivity on the calculation of the conductivity of the skin layer with (4.2.6) is 
small because the skin extends more in x and y direction than in z direction. But referring back to the 
anatomy of the skin it is likely that the conductivity in radial direction is somewhat higher than in 
axial direction ('sweating' happens in radial direction) and certainly not smaller ; simulations with 
small radial conductivities of the skin will increase the Qd-factor of the model, bringing it further 
away from the experiments. 
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Chapter 6 

Conclusions and recommendations 

6.1. Conclusions 

The analytica! salution bas been derived for volume conduction in a four layer anisotropic finite 
cylindrical volume conductor (chapter 2). 

Measured intracellular potentials represent the muscle fibre activity. By descrihing these measured 
intracellular potentials in terms of a current souree strength, simulations of Motor Unit Action 
Potentials in 'real' pV can be obtained (chapter 2; § 2.3). 

Volume conduction simulation possibilities are enhanced by means of a user interface of the 
Anvolcon program. Volume conductor properties, souree position and orientation, dynamic sources, 
souree strengths, and visualisation possibilities can be changed with simple clicks on the mouse 
buttons (chapter 3). 

The Bessel terms and products used to solve (2.1.18) become extremely large in the case of an extra 
bone layer and a souree in the second muscle layer (§ 3.3). Although theoretically possible, in practise 
the introduetion of a fourth bone layer in the volume conductor model results in an ill-conditioned 
linear system which the computer cannot solve. Salution of this problem is thus impossible without 
any further sealing (chapter 3; § 3.3). 

Simulations show that a high conductivity of the skin layer (» 0.10 n-Im-I) causes smaller amplitudes 
and a more distributed potential distribution opposite to higher amplitudes and a less distributed 
potential in the case of a low conductivity of the skin layer ( chapter 4). 

Measurements showed that the conductivity of the skin equals 0.95 ± 0.35 Ohm-I m-I. There is an 
indication that the conductivity from lateralto medial direction ('horizontal') is lower (10-15 %) than 
the conductivity from proximal to distal direction ('vertical'). The measuring situations did however 
slightly differ according to the underlying tissue layers and measurements at the calf muscle did not 
support the anisotropy in conductivity. The conductivity of the skin in radial direction could not be 
measured; however, simulations showed (fig. 5.11, fig. 5.12) that the conductivity in radial direction 
has to approach the conductivities in angular and axial direction (chapter 5). 

There is no significant relationship between the current flow in the human body and the skin 
conductivity in a range of 0.5 to 25 pA ( chapter 5). 

Temperature and skin conductivity are related to each other. Lower temperatures imply lower 
conductivity. A lower temperature will thus improve the original signal content of muscle fibre 
activity, but unfortunately with a slow pace (conductivity decreases approximately with 0.015 Ohm
I m-I with a decline of temperature of 1 °C) ( chapter 5). 
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6.2. Recommendations 

The exact, three layer analytic model described in chapter 2 may be compared with the previously 
developed finite element model of volume conduction [Spa97]. This model does not have an 
analytically obtained, exact solution, but allows non-symmetrical tissue configurations. The theory 
about the relation between the intracellular potential and the current strength (§ 2.3) could also be 
implemented in the finite element model. 

Further measurements on subjects conceming the skin conductivity may eventually lead to a 
'literature value' of the skin conductivity. Smaller current electrodes, a larger bandwidth of the 
amplifier, a better isolated current stimulator with the possibility to induce high and low current will 
decrease the uncertainty in the measured skin conductivities. However, the largest souree of errors, 
the uncertainty in the skin thickness (table 5.2), is difficult to reduce since better skin thickness 
measurements are unfeasible unless incisions are allowed. 
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Abbreviations 

aied Interelectrode distance [m] 
a Muscle fibre radius [m] 
d Motor Unit Depth [m] 

!basic Basic frequency component [srl 
h Thickness of slab [m] 
k Spatial frequency [mrl 
n Angular frequency [radr1 

Rmp Rest membrane potential [V] 
(F Conductivity [n-Im-I] 

crintra Intracellular conductivity rn-lm-1] 

Ps Radius souree [m] 
Qd Decay ofMUAP with increasing d [mrl 
<j)g Angle souree [rad] 

Pobs Radius observation point [m] 

<pobs Angle observation point [rad] 
<D Potential [V] 
l/Ji Intracellular potential [V] 
I(z) Current strength [AJ[mr

1 

J(z) Current souree density [AJ[mr
2 

iv Volume current souree density [AJ[mr
3 

a,b,c,d Radii volume conductor (§ 2.1.6) [m] 

media/ positioned towards the middle 
lateral positioned towards the side 
proximal closer to the anatomical centre 
distal further away from the anatomical centre 

EMG ElectroMyoGraphy 
MUAP Motor Unit Action Potential 
SFAP Single Fibre Action Potential 
MU MotorUnit 
DRL Driven Right Leg 
CMS Common sense 
REF Reference 
RMS Root mean square 

Abbreviations 
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Appendix A. Derivation offormulas (§ 2.1, § 5.2). 

Al. Fourier transformation of the Laplace equation in the z-direction 

The continuous Fourier transformation in the z-direction is defined by (A.l.l) 

<l>*(p, cp,k) = J e-i2;rk*z<l>(p, cp,z) dz. (A.l.l) 
-<Xl 

The repetency in the z-direction is in (A.l.l) represented by k*. In chapter 2, 2;rk* is replaced by k. 

By using the Fourier transformation, we obtain a description of ([Jas a function of p, rp and k. If ([J is 
an even function, the exponential term in (A.l.l) can even be replaced by a cos 2;rk*z term. ([J* has a 
dimension of [m} ·dim[([Jj, if ([Jhas 'undergone' a continuous Fourier transformation. 

Fora Fourier transformation ofthe second derivative ofthe potential <I> in cylinder co-ordinates, we 
derive, 

1 0 ( 0 <I>) 1 0 +J ;2;rk*z 0 
2 +J ;2;rk*z 1 0 ( 0 <I>*) F(-- p- )=--( <De- dz)+-( <De- dz)=-- p-- (A.1.2.a) 

p op op p op _
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op2 _
00 
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(A.1.2.b) 
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<!Xp,cp,z)) +Jo

2
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2 = 2 e z = --e - Tel --e = 
oz _

00 
oz oz -<Xl _

00
oz 

(A.1.2.c) 

[ 0 <I> e -i2;r*z )+"' - 2TC ik * [<l>e -i2Jrk*z )+"' - 4TC 2 k *2 +J 0 <I> e -i2Jrk*z = -k2<1>*. 
oz -<Xl -<Xl oz 

-<Xl 

<I> is assumed to be zero for infinite z, so o([J(z)/13z in (A.t.2.c) is also zero for infinite zand -e ([J• 
remains. 

We obtain then (2.1.3), 

(A.1.3) 

Appendix A. Derivation offormulas (§ 2.1. § 5.2) 



70 

A2. Separation of variables 

* • * . If we write <I> (p,k,<p) as <I> (p,k)·<I> ( <p) (A.l.3) changes mto 

n-.*( )_!_~( a<r>*(p,k)J _1 <r>*( k)a2<r>*(lp)_kz<D·( k)<r>*( )=O 
'-V lp ~ p ~ + 2 p, ~ 2 p, lp . 

p up up p ulp 
(A.2.1.1) 

Dividing by w"(qJ) and w"(p,k) and multiplication with p2 yields 

1 o
2
<D*(lp)= 2 2 _ 1 _!!_( a<r>*(p,k))=-u2 

<r>*(lp) olp 2 P k <r>*(p,k) Pap P op · 
(A.2.1.2) 

-u2 is in (A.2.1.2) the separation constant. With that separation constant we obtain 

(A.2.1.3) 

and 

2o
2
<D.(x)+ o<D*(x) ( 2+ 2)n-,*( )-0 

X 2 X~ -X U'-VX-
OX ux 

(A.2.1.4) 

In (A.2.1.4) x equals kp. 

The solution of (A.2.1.3) is an exponential equation, 

(A.2.1.5) 

• • • in which v necessarily is a natural number because of the periodicity of(/> (qJ), f/> (qJ)=f/> {qJ+n27r). 
Consequently, vin (A.2.1.5, A.2.1.3, and A.2.1.4) also has to be a natural number. 

Equation (A.2.1.4) -with natural numbers n (replacing v)- has as solutions the modified Bessel
functions In(x) and Kn(x) which are real-valued Bessel functions of real arguments. These modified 
functions are defined by 

(A.2.1.6) 

(A.2.1.7) 

with Jn (ix) as Bessel functions of the first kind and Yn (ix) as Bessel functions of the second kind. 

The homogeneaus solutions are thereby given by (2.1.4) and (2.1.5). 

Appendix A. Derivation offormulas (§ 2.1, § 5.2) 
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A.3. Anisotropic media 

If we assume that the skin is anisotropic between the x and y-direction of the tissue, (4.2.6) has to be 
modified. With f3 = ayl O"x we derive equations which now explicitly belong to angle r/J, 

V . _ ... _
0 

= I 112 [1 + if (2[1 + (2nh I a )2 t 12 
- [1 + ( nh I a )2 r 112 

)] (A.3.1.a) 
2,3,y-o,"- 2tra(CJ' CJ' ) 

x y n=l 

Ifwe take the ratio ofthe equations (A.3.t.a and b.) we derive 

v23;y=0 = fJ B 

Vz3;x=o B( f3 ) 
(A.3.2) 

in which B and B(f3) are the terms between the brackets belonging to (A.3.t.a) respectively (A.3.I.b). 

Filling in the measured potentials we are able to obtain with the terms between the brackets the 
conductivities in x and y-direction (if o-x=o-y , the ratio in (A.3.2) equals one). 

Appendix A. Derivation offormu/as (§ 2.1, § 5.2) 
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the channels from the amplifier (§ 4.3) 

Channel 2,3 .... 64 

Reference 

Camman sense 

Driven right 
leg 

® Vision Research 

Appendix B. Electronic conjiguration ofthe CMS, DRL, REF and the channels from the amplifier(§ 4.3) 
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Channel 2-Ref 
Channel 3-Ref 

Channel 64-Ref 


