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The constants used in the computer solution are presented in Table l.

Tnnlo I Constants and the description of the corresponding organ used in the
compuler solution

Instead of capital letters, which were used in deriving the equations, small letters
were used in computer solution.

I0.2.2 Construction of variable matrix and analytical equations

In section 9 using boundary conditions, 7 independent equations with 7 unknown
coefficients were derived. Using those equations a 7x7 variable matrix m(i) was
constructed. The first equation (first row) includes coefficients A, B and C. The
equations in the first, second and third row, in order to decrease the number of
coefficients (hence to simplify the equation), we may use proper combination of
equations. Combination of equations I and II can be used to eliminate coefficient C
from equation IL By the same method equations III & IV can be modified to get an

Constant used in
the model

Value
&

Dimension

Description of the
Parameter in the

model

Description of the
corresponding organ

r0 l 09999 crn radius ol- the double layer Radir.rs of the surlace o1'the
Retina

rl 1.10000 cm radrus of the first
cor.ilpartment

Radius ol-the depth o1 the
Retin a

t2 1.20000 cnr radius of the second
compartment

Radius o1'the sclera

ol 0 017 S conductivitl of tlre first
corrpa rtment

vitreous body. lcns and
aqueous

62 0.00017 s conductivity of the second
co rrp artn.r e n t

sclera and cornea

o3 0.000087 s conductivity of the third
co rrpartlnelrt

cxtr:r ocular rcgion anrl heatl

6t 0.000000 s cor.rductivity of the air in
liont

Region surrounding the
heacl

d -5.79999 crr (eccentricity) thc distance between eye-
center and head-center

e0 65 degrees the opening angle of the
double laver (source)

'l lie extension ol'retina in
the eye

a sin(06) rg distancc Lletu,een the
opcning ot the doublc

layer and Z-axis

liadial distance lron.r
pignrcnl epitheliuur to tlre

optical aris of the eye
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equation in terms of B and E for the third row and in terms of only C and D for the
fourth row. Because summations over infinite number of terms appear in front of the
coefficients of the last equation, for simplicity this equation will be defined
separately. Following the 7x7 matrix sector with variable i:
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Following table shows the combination of equations used to derive the constants used
in the matrix for each row.

MArRrx r\,r(r) ROw NUN4BER CoNaerNerroN oF EeUATIoNS To
REDUCE NUMBER OF COEFFICIENTS

1 I
2 I&II
J III&IV
4 III&IV
5 V
6 VI
7 VII

For the interested reader it is recommended that he acquaints with the MathCad
software platform to be able to easily follow the equations and definitions used to
solve the matrix. Note that definitions and equations in MathCad platform has some
specific signs which should not be confused with previous equations. Also
coefficients A, B, C, D, E, F and G are defined with double small letters in MathCad
equations.

The complete matrix M is the matrix, which includes all the elements calculated for
all values of i. For a maximum value of i being equal to 35, matrix M becomes to be a

245x245 matrix. The complete matrix is formed by first defining the initiating values:

n:35 u:1..n r: 1 ..7 n M ,,r:0 j: | ..7 k: I ..7 i:1..n

By def-ining equation 7, whole rnatrix in the MathCad solution was fortned as:

M, (,- l) -F J.7.(i- I ) -r-k :: nr ( i);,r.

K(i,u) ,= -B(i r l,u +

,K(i,u),0).P'lle,ul

L(i,u) = (-l)u-'.B(u - l.i

Mr,,7.u,= if(u >i,L(i,Lr),0) P' iI g.u

' u+2/ a \'-' /r o \1).1- I .t- 
I\r ? / \r r /\ -/ \ '/

d u-i.i1o\'-'
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Calculated matrix M is a 245x245 matrix. The first 10x10 entries are as follows and
the rest could be found from appendix I.

.::1. 4; lltiliiiift*=
1 I .0,5

0 0 0 0

Z 102 I 0 0 0 0 0 0 0 0

0 1 0 0 I 0 0 0 0 0

0 0 1 1 0 0 0 0 0 0

0 0 0 -0 11 1 0.386 t,501 0 0

6 0 0 0 0.351 1,044 -0,385 .1 0 0

0 0 0 t.8B 1o'3 1 0 0

ii 0 0 0 0 0 1 -1 "0,667

0 0 0 0 0 101 5 -2.5
0

1n
0 0 0 0 0 0 1 0

10.2.3 Matrix solution

Now the tnatrix is reacly to be solved. Applying stanclard forrnula, which uses the
inverse value of the rr.ratrix M, it can be solvecl. Using lollowing clefinition for rnatrix
X and valr.re D, the MathCad solution is as fbllows:

_lD:
4tt

X:NI 'P

4 5 : ::-b.r:=- I
I 0.01 0.411 -0,798 1.798 0.589 2334 0.208 0.021 0.862 1 )F

wT

Xr is the complete solution of the set of the
is given in appendix IL Using small double
letters used previously, in MathCad platform

equations. The complete solution matrix
letters for coefficients instead of capital
we have:
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uoi ': xz 
1i ly* r

bbr'= xz.1i ry*z xr.1i r1*: tldi'= xz.1i-ry*a

r'e. := X- - ll. := X- su.. :- X- -I /(l l){-\ r /.(r l)rh "-l /.(r l)+/

The expression lbr (r, rvas simplifiecl by redefining a new expression fbr H, in
MathCad as:

, r.i+t r i ,,.,It-l F.(t.,,,tq] l rr |,r=,,,' ,,,, [aeo.r {4;., ri }: }:_r 0., 
-l
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The poterrtial distribr-rtion on the largest circnlar slrell representing the surface of the
head can be calculated by the following lbrmula follor'vs:

15 15 tt', ro,(() =2ru'ri [, ,lr,tE,i)+ 2rr'oi gs*tl$p).,/^ (-t)'
, r 7t lR,:

The potential distribution tor the regions betrveen the double layer and the radius of
the second compartment, which models the sclera region around tl.re surface of 1he eye

where r - Rz is given by equation Oro r'vhele the equaticln represents potential

distribr-rtion for the r larger then ro:

2fla)D, " tt \i il

e,n(q): - r i.. L[ ll*rr, -Ll ll f p'(€,].i) r-(E.i)-o -' (rn)t '?, 'i(rn ) ' ill(r' ) '

The potential distribution tol the small region between the radius of the first
conlpal'tlrent and the raclius of the retinal doubie layer around the sr.rrface of the eye is
given by equation Or1 where the equation represents potential distributiorr for r larger

then ro:
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The potential for region I in MathCad rvas deflned as:

e,((,: 1:'i,'IZ rr,L[ ' 'l p,(€,,.i)L((.it-z,rD(r €.,-](r',,)' l?, 'i(ro ) \-r'"'-\)!' 
I
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11 METHODS USED IN STUDYING
CONDUCTIVITYAND HEAD SIZE
EFFECT ON EOG AND THE EOG
ASSYMETRY

Knowledge of the conductivity/resistivity of various tissues is very important in
studying the bioelectric phenomena. Indeed, many studies have already been
published concerning the conductivity and permittivity of tissues in different
frequency ranges. Geddes and Baker [Geddes & Beker 1967] reviewed a large number
of early studies and since then, the 'Geddes and- Baker'tabulation has been updated,
revised and expanded in a number of publications [Stuchly and Stuchly 1980, Geddes

and Baker 1989, Duck 1990, Gabriel et al 1996a). A careful comparison of these

reviews demonstrates the presence of considerable differences between resistivities
reported for the same kind of tissue. These differences reflect a lack of consensus in
the literature about the value of the tissue conductivityiresistivity. Given this lack of
consensus, our present knowledge about the resistivities of biological tissues might be

afflicted with uncertainties, possibly large. Also the reported conductivity data of the

eye region show variations of two orders of magnitude regarding the electrical
conductivity of the individual tissue layers (Lindenblatt & Silny,2001).

In general, the property of the tissue to conduct electric current is characterized by
the resistivity and permittivity. The resistivity is defined as the real part of the

complex valued impedance per unit length and per cross-sectional area. At low
frequencies, the resistivity of biological tissues is frequency dependent [Gabriel et al
l996al.

It is also known that total body water content (TBW) between different individuals,
gender and age may differ and tissues with larger TBW are more conductive (Altman
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1974). Newborn infants have larger water content than older infants and children.
This is partially because the newborn has less fat and a greater proportion of body
mass composed of the visceral organs. The Extra Cellular Fluid (ECF) compartment
comprises over half of the total body water at birth and contains a greater relative
content of extra cellular sodium and chloride. Most of this neo-natal "excess" ECF is
lost during the first l0 days of life through insensible perspiration, which can amount
fuom 5o/o to l}Yo of the infant's birth weight. Until about 2 years of age, the infant
maintains a larger ECF than the adult in terms of overall percentage of body water.
There is a very good correlation between the age changes in TBW and the
conductivity in physiological organs [Altman 1974]. Usually conductive properties of
tissues also depend on factors, such as temperature, variable chemical or structural
content and frequency [Rush et al 1963, Geddes and Baker 1967, Stuchly and Stuchly
1 9 801.

The human body could be considered as a resistive, piecewise homogeneous and
linear volume conductor. Most of the tissue is isotropic. The muscle is, however,
strongly anisotropic, and the brain tissue is anisotropic as well. Depending on
different factors such as tissue water content, age and gender the
resistivity/conductivity value of the same tissue may be different from each other.
Table I summarizes the tissue resistivity values of a number of components of the
human body. More comprehensive lists of tissue resistivities are given in [Geddes and
Baker 1967,Barber and Brown 1984, Stuchly and Stuchly 1984]. In addition, tissue
conductivity differs between the in vivo and in vitro measurements [Foster and
Schwan 19891.

As far as the author knows, the effect of tissue conductivity change and the resulting
uncertainty effect on EOG have not been investigated before. The primary goal of this
part of the study was to determine quantitatively to what extent conductivity variation
of some of the structures of ocular system and head tissues affect the electric
potential on the head (EOG signals) and eye. Also the size of the volume conductor,
i.e. the size of the head may also have an effect on the EOG signals recorded from the
surface of the head. The effect of the head size on electric potentials on the head
(EoG) and in different regions of the head and eye will be studied too.

11.1 Head and eye as volume conductor

A model of the electro-oculogram must incorporate two independent parts, the signal
generator and the load. In other words, we need to characterize the bioelectric sources
and the volume conductor in which they are immersed. Head and eye tissues are
conductors of electricity. Hence the electromotive force of corneo-retinal source gives
rise to electric fields and currents throughout the eye and head, and therefoie to
electric potentials on the skin. The relationships between the source and the currents
and field which they produce are governed by well established laws of electricity and
constitute the volume conductor effect.

In general, tissues are made up of cells. The cells are immersed in a fluid matrix
which is an electric conductor. Hence tissues can be modeled as a suspension of cells
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in a conducting medium. The cells are surrounded by membranes which are leaky
insulators. At low frequencies the membrane impedance is very high, and current
introduced extra-cellularly will remain in extra-cellular space. The low frequency for
example EOG signals, the impedance of such tissue, is therefore that of a conductor
with holes [Geselowitz, 1989]. Since the extra-cellular medium is resistive, the low-
frequency impedance of tissue is resistive too. As frequency increases, the membrane
impedance drops, and a current pathway develops across the membrane and through
the resistive interior of the cells. Hence the impedance will start to include a

significant capacitive component, and will decrease in amplitude because of the
parallel pathway. At frequencies of interest for bioelectric phenomena, which for the
most part do not possess significant frequency components beyond several thousand
hertz, the capacitive effect is generally negligible [Schwan and Kay, 1957). Therefore
studying the variation of conductivity/resistivity alone would to reasonable extent be
sufficient to find out how volume conductor of different individuals would affect the
value of EOG signals. The inclusion of skull as a separate layer should not effect the
results significantly, because the eye is surrounded by a lot of bone tissues, and the
front part of the eye (about one third of the eye) has boundaries with air. The model
where bone tissue was assigned for the extra-ocular region in the model gave accurate
results which were in good agreement with the measured EOG values.

11.2 Applied head and eye model

The eccentric spherical model representing the head and eye which proposed earlier in
this thesis was used to evaluate the electric potential fields in different parts of the
head and eye. The source field relationship was studied using classical
electromagnetic field theory, taking into consideration the electrical properties of the
active and passive regions and applicable physical laws. Each region of the passive
conducting medium was assumed to be linear, isotropic and homogenous. Laplace's
equation was utilized to study the source field relationship. The assumptions and
simplifications are based on fPlonsey and Heppner 1967, Jackson 1999). Although
each component region was considered to be homogenous, the whole volume
conductor can be considered as inhomogeneous.

The retina was modeled as a bioelectric source consisting of a symmetrical double
layer as was described in section 9.

11.3 Considered range of tissue variations

The conductivity values of tissues were increased by +10 to +100% in six steps,
+l\Yo, +20Yo, +30Yo, +50, +75o/o and +100%. The conductivity values of tissues were
also decreased by -10 to -50%o in four steps, -10o , -20oA, -30o/o, -40, -5004 (Table
11.1). In real cases the conductivity variation may not be as large as the variations
considered in this study, however in order to be able to figure out the way the
potential distribution changes if the conductivity was changed, conductivity variations
of up to +100% were considered.
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The effect of each tissue is considered separately. First the conductivity of all tissues
simultaneously were increased/decreased, by the percentages described in previous
paragraph, and then the effect on electric potential in different compartments was
studied. In the next case, the conductivity value of vitreous body alone was
increased/decreased, and the changes in electric potential of eye and head regions
were studied. In the last case, the conductivity value of extra-ocular tissues alone was
increased/decreased, and the changes in electric potential of eye and head regions
were studied. The electric potential for each changing conductivity value was
compared to the reference value, i.e. the case where the conductivity value was
unchanged.

TABLE 11.1 Considered range of tissue variations. The conductivity values are
increase or decreased in percentage ratio's compared to the unchanged conductivity
values denoted by 0%.

o1: Vitreous body

IS/cm]

o.2: Sclera

IS/cm]

03: Extra-ocular

IS/cm]

0% 0.017 544 0.00017 544 0.00008772

+ 1 0o/o 0.0192984 0.000 1 92984 0.000096492

+20% 0.0210528 0.0002 1 0528 0.0001 05264

+30% 0.0228072 0.000228072 0.0001 1 4036

+50% 0.026316 0.0002631 6 0.00013158

+7 5o/o 0.030702 0.00030702 0.00015351

+1 00% 0.035088 0.00035088 0 .00017 544

10o/o 0.0157B96 0.0001 57896 0.000078948

-20% 0.01 40352 0.000 1 40352 0.0000701 76

-30% 0.0122808 0.0001 22808 0.000061 404

-40% 0.01052 64 0.0001 05264 0.000052632

-50% 0.008772 0.00008772 0.00004386

lt4



The changes in potential values are presented as the percentual, i.e. what percent the
potential value changes when the conductivity varies compared to the reference
potentials. For example -15% would mean that the value is decreased by 15 compared
to the reference potential of tissue conductivity or head size. Three different values of
the potential distribution curve are considered for comparison, variation of the
positive peak, negative peak and peak to peak values.

11.4 Computer solution and examined values of potential distribution

The analytic solution which was derived in the first part of the study in the form of a

double series expansion of Legendre polynomials was applied in this part of the

study. The same software (MathCad l2) was used to carry out the computations. All
computations were performed on DELL workstation, Pentium IV processor with 3.4
GHz and 4 GB of RAM memory. The average calculation time for each matrix
calculation was -12 s.

The potential distribution graph for head and eye region has three distinguishable
points, a positive peak value, a maximum negative constant voltage in the back region
of the head covering wide range and peak-peak value which is the difference between
maximum positive and maximum negative voltage. The same kind of distribution is
also observed for the inner tissues and ocular region. The comparison is made for all
three values, positive peak, negative peak and peak-peak values.

11.5 Considered range of head size variations

Head size variations from one individual to another compared to the variations of eye-
ball size are more significant, which is why in this study the size of the sphere
representing the eye is kept constant. For each head size change, the electric potential
on the head and in the eye region was calculated and compared to the potential values
of reference radius.

The radius of the largest sphere representing the head was chosen to be 7 cm, i.e.
diameter of 14 cm. The radius of the head was increased by +7, +14, +21 , +28 and
+43o/o and was also decreased by -7, -14, -21, -28 and -43oh to cover large range of
possible head sizes variations. The effect of each head size was considered separately.
First the head size was increased/decreased, by the percentages presented above, and
then the effect on electric potential in different compartments were studied. For each
case, the electric potential on the head and in the eye region was calculated. The
electric potential result for each changed radius was compared to the potential of the

unchanged radius.

I l5



TABLE 11.2 Considered ranges of head size variations. The diameter of the largest
sphere (R3) representing the head is increased or decreased. The changed values are in
percentage ratio reference to the unchanged radius values denoted by a%.

Head radius increase in
percentaqe

Head radius R3

lcml
0Yo 7.00

+7 o/o 7.49
+14% 7.98
+21% 8.47
+2Bo/o 8.96
+43% 10.01

6.51

-140h 6.02
-21% 5.53

-28Yo 5.04

-43% 3.99

11.6 Asymmetry of EOG signals

11.6.1 Measurements

For this part of the study both the AC and DC recording of EOG signals together with
the simultaneous EOG and VOG recordings were analyzed. Three reiorded eye
movement types were considered: i) Center to left (CL), is the movement, when eye
moves from its zero optical angle to the left of the subject. ii) Center to right (C{),
the movement when eye moves from its zero optical angle to the right of the subject,
and finally, iii) Right to the left (RL) or left to the right (LR) is the movement oi the
eye, which covers half of the angle in the right hand side of the optic al zero angle and
the other half on the left side.

11.6.2 Human subject

For this part of the study the EOG and VOG results for the healthy 25 years old
female subject which was described in section 6 was used. The Eoc ana voc
settings were described in details in section 6. The subject was sitting in a chair with
the head fixed during the measurement in front of the screen marked with targets for
desired angles. Before starting the actual measurement, subject trained to perf6rm the
desired gaze directions *15o, *30oand +60o.
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1 1.6.3 Reconstruction of EOG and VOG signals

The measured results for each electrode rvere first imported into the MathCAD
software platform. Then l0 cycles of each type of the eye movement were averaged,
and finally a single signal representing the corresponding type of eye movement is

reconstructed. Both EOG and VOG signals were analyzed. More detailed procedure of
the signal analysis is explained in 6.6.

11.6.4 Post analysis

The original recorded data were ASCII (American Standard Code for Information
Interchange) format. An example of non-fi ltered imported data in ASCII format in
MathCad- l2 software platform is presented in Figure 6.10.

In order to get a representative EOG signal, the unwanted spectrum was fi ltered
according to the procedure explained in 6.6. The interval of the eye n.tovement cycles
in EOG and VOG signals were not identical. The area of interest in these signals was

the rising and descending parts of the signals. For this purpose the desired parts of
each cycle of EOG and VOG signals were averaged over l0 cycles. Then a single
cycle representing the rising and descending part of the signal was reconstructed
(Figure 6.12) ln order to be able to compare the rising part of the signal (eye rnoves
towards the electrode) to the descending part of the signal (eye moves away fiom the
electrode) the later signal was inverted and transformed to the same base line as rising
part of the signal. The inverted si-rnals are shown as dash lines, and non-inverted
signals are represented by solid lines (Figure 6. l2).
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