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t2 COMPUTATIONAL RESULTS OF
ELECTRIC POTENTIAL DISTRIBUTION
AND VALIDATION OF THE MODEL

First the measurement results will be presented. Then the computational results
calculated for the eccentric spherical model will be presented for electric potential
distributions around the head, on the eye and inside the ocular region. In the end
computational results will be compared to measured EOG values.

12.1 EOG Measurement results

Measured EOG values presented in this section will be used to validate the calculated
electric potential results for the eccentric spherical model. The measurement results
are presented in Table 12.l for reference electrode I, and in Table 12.2 for reference
electrode II. To recal1, electrode positions, rotation angles and the reference
electrodes refer to Figure 6.1. The position ofthe recording electrodes are shown by
capital letters A and B. Small letters a,b, c and d refer to rotation angles 15, 30, 45

and 70 degrees, respectively. Position of reference electrodes are denoted by I and II.
Zero angle lies on Z-axis. The values are the average values from all subjects. The
error margin is calculated according to standard deviation (SD) formula:

SD(v) - t2.t

where v; is the measured EOG potential values, mean(v) is the average of all
measured values, and n is the number of subjects (n : 6).
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TABLE 12.1 Averaged electric potential values of 6 subjects referenced to electrodeI. Va and Vs are the signals recorded from electrode positions A and B shown in
Figure 6.1. sD is the standard deviation calculated u""ordirg to equation 12.1.

V4 (rnV) Vs (mV) Movement (deg) (SD)

,0.r8 0.19 l5 0.021

-0.37 0.3 9 30 0.02 0

-0.41 0.15 45 0.022

-0.53 0.5 5 10 0.020

TABLE 12.2 Averaged electric potential values of 6 subjects referenced to electrode
II. VA and Vs are the signals recorded from electrode positions A and B shown in
Figure 6.1. sD is the standard deviation calculated u"cording to equation 12.1.

Vn (rnV) Vs (tnV) Movement (deg) (SD)

-0.17 0.21 l5 0.022

-0.3 5 0.3 9 30 0.02 r

-0.43 0.47 45 0.0 t9

0.49 0.5 I '70 0.02 3

12.2 Computer solution results

In the following sections the potentials in different compartments of the head and eye
are presented. All two dimensional potentiat distribution results were plotted using
MathCad-12 software. The coefficients of the polynomials in the equations
representing the electric potentials have to reach convergence for accurate calculation
of the potential values. Table 12.3 shows the converged of the coefficients as the
number of summation terms increases.
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12.2.1 The electric potential generated by retinal dc layer around the

head

Voltage distribution on the outermost surface, i.e. head region rvas described b1

equation 9.20. The calculated electric potential plotted as the variable of rotation
angle 0 is presented in Figure 12.l. The equation *3 represents the potential

distribution for regions where R: < r < R3. Because of the symmetry, the variable Q
was not included as a variable. *3 depends only on the radius r and angle 0. If we
choose r - R: then equation Q3 represents the potential distribution over the spherical

shell around the head, where horizontal axis of the head is at. O, - 90o.
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approximated fields coefficients converge.
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FIG URE l2.l Electric potential distribution around the largest sphere representing
the head, as a variable of the rotation angle of the eye in horizontal direciion. Zero
angle starts from Z direction in clockwise direction. l g0" is the angle in +Z
direction, i.e. optical axis of the eye (Figure 8.1 and 8.2). The straight solicl-line is the
zero potential line.

Calculations show that the maximurn value of the electric potential, (assuming that
the Z-axis of the eye lies on the same Z-axis as of the head) is at 0 - 180'. There is a
sharp increase in the field intensity between (148 <e<180') and a sharp decrease
(180"<e<212'). Between 130'<e<148' and 212"<0<230", the field intensity
decreases very slowly. Between 0'<e<130' and 230'<e<360" the field is almost
constant, with no significant change in its value. The intensity of the field in this
region is alnrost constant with a value of about -0.1-5 mV.

Exarnining the curve shows also that the maxirrurn potential diff'erence between the
point in front of the eye and the back of rhe head is [0.42 mv-(-0.1g):0.60 mv] when
the total opening angle fbr the double layer is assumed to be 130 degrees.

12.2.2 The electric potential distribution over the surface of the eveball

O,o represents the potential distribution for regions where Rr < r < R2. This equation
has a simpler forrn than Q:. The reason is because of the concentricity of the origin
(Figure 8.1). Equation 62. includes coefficients E,i and D,. The calculated potentiaias
a variable of 0 is shown in Fisure 12.2.

{ \
I

\

122



E
O
6' UJO

oc
c 0.02
o
ft
- -uil
AJ

oo
L' -0.66,-

t]] i2 t4.1 216 283 16B

Angle [Degrees]

FIGURE 12.2 Potential distribution around the surface of the eyeball (the smaller
sphere in Figure 8.1 and 8.2). as a variable of the rotation angle of the eye in
horizontal direction. Zero angle starts fiom -Z direction in clockwise direction. 180"
is the angle in +Z direction. i.e. the coordinate passing through the middle of the eye
(F igure 8. I ).

12.2.3 The electric potential distribution inside the eye region

Q21 represents the potential distribution for regions where Ro < | < R1, and *1 the
potential field inside the eye region, i.e. r < Ro. The calculated potentials are drawn as

a variable of 0 and shown in Figure 12.3. As expected the potential variation in this
region is very small.
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FIGURE 12.3 Potential distributions as a variable angle in the inner surface of the
ale 102i, Ro < r ( Rr, and the electric potential inside the eye region (D1, r ( Ro
(Figures 8.1 and 8.2).

12.3 Validation of the model: Comparison of the calculated electric
potential with measured EOG signals on the head region

The only available method to measure experimentally the signals generated by dc
double layer of the eye, is EOG recording. That is why the uul.res predicted Uy tfre
model and its analytical solutions for the surface of the head region, will be valiiated
by comparing calculated results to measured EOG values.

Measured values presented in Tables l2.l and 12.2 are averaged EoG signals
measured for different rotation angles of the eye for two different reference
electrodes. Figure 12.4 represents the comparison of calculated potential electric field
and measured EoG signal for rotation angles: 15, 30, 45 and 70 degrees. In the model
two different values are assumed for the opening angle, 130 and 200 degrees. The
total circle angle of 360 degrees minus the opening angle is the extension of the
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FIGURE 12.4 Calculated potential electric field and measured EOG signal for
rotation angles: 15,30.45 and 70 degrees fbr total opening angle 130 and 200
degrees.

In F igure 12.4, the line through triangular points are the measured values with
respect to ref-erence point I, and the line through circle points are EOG signals
measured with respect to ref'erence point II.

The line through cross's are the calculated values when total opening angle is 130" (Q
in Figure 5.2). The potential distribution is calculated also for an opening angle which
differs fiom the morphology of the retina. This value for the opening angle is chosen
as 200" and the line through rectangular dots in Figure I2.4 shows the calculated
values for this opening angle.

Examining Figure [2.4 reveals that the value of measured potentials from reference
points I and II are very close to each other. This is in agreement with the findings of
the rnodel. As it is seen from the measured results (Figure 12.1), the model predicts
well the potential values recorded fbr ref-erence points, I and ll. So if the potential
values of the reference points are very close to each other, the only pararxeter which
may affect the value of the EOG signal would be the measurement uncertainty.

The potential difference between the two points on the surface of the larger sphere
(Figure 8.1) can be calculated frorn the results presented in Figure 12.1. Choosing two
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angles in Figure 12.l ,the potential difference between those angles correspond to the
EOG value recorded during bi-polar recordings, i.e. the potentiil difference recorded
between two electrodes instead of one recording electiode and a distant reference
electrode on the head.

The assumptions for the opening angle (O in Figure 5.2) of the sphere representing
the eye (Figure 8.2) results in different electric potentials on the head and eye. By
changing the opening angle i.e. increasing the extension of the double layer, the
calculated values would change significantly. This is understandable, because by
choosing smaller opening angle (O in Figure 5.2) we assume a larger retinal double
layer which in turn would result in a larger potential values. This is i.u" u, long as the
extension of retina reaches 180 degrees. When the retina exceeds this value the
intensity of the retinal layer starts to decrease because the direction of the electric
fields over 180 degrees are directed in the opposite direction. This shows how the
values of the calculated potentials are highly dependent on the value of the opening
angle ofthe double layer. The calculated values for opening angle of 130", decreases
by -50% if the opening angle of the double layer is inireased to 200'.

12.4 Conclusions and Discussions

Comparing calculated values around the outermost surface of the sphere with
measured EOG results for horizontal movements, it is noticed that calculated
potentials follow the similar slope as the measured EoG signals up to 45". The
graphical representation of Q3 (Figure 12.1) suggests that around the ientral axis of
the eye and head where 0 : 180'(Figures 12.l &, 12.2), about22" in both directions
the changes in potential values are linear. As expected for points on the surface of the
head where r: R:, e < 130" and 0 > 230",the maximum potential difference in this
region is very small -l pV.

For the case of *2o (potential on the eyeball). the value is directly dependent on the
value of the subtended angle over the surface of the sphere. Obviously the density of
the field is larger over the surface of the eye (62o) compared to the other regions of
the model. The positive maximum is at 0: 180o, and negative maximum at 0. for
both Q2o and S3 (Figures l2.l & 12.Z).

The calculated values for the linear region, predict a potential change of about
2UpY/deg if assumed tot-al opening angle of the double liyer is 130., ;d gpyld,eg
200'. Beside the value of the opening angle, the low conductivity values in region 3,
i.e. the extra-ocular region also has damping effect on the potential values.

EOG measurements do not reflect directly the exact position of the eye in the orbit.
However according to the calculated analytical results of this study, we can assume a
linear region for up to *28'around the central axis of the eye. Thus in this region it is
possible to relate the EOG directly to the eye position and the direction of ihe gaze.
This is important for example in developingthe gaze based user interfaces JSuikka
et al. 19881.
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12.4.1Reference point in EOG measurements

The EOG signals can be recorded either as a pair of electrodes placed on both sides of
the eye, or placing one of the electrodes in some distant point on the head as a

reference electrode. In measuring unipolar EOG signals, i.e. comparing the signals
around the eye to some reference point, it is advantageous to know the absolute value
and also the variation of the potential in distant points from the eye. One of the key
conclusions of this study is to provide a quantitative measure about the value of the
electric potentials on the parts of the head which could be considered as reference
points on the head when measuring EOG signals. Examining Figure 12.L, we see that
there is only two points where potential is zero, namely at 0:160"and 0:200'.
However this is due to the geometry of the source and it is obvious that there is no
stable and inactive zero potential on the head. The area with constant voltage could be
considered as good reference points. According to the calculated results the potential
difference of two electrodes between (0"< 0 < 130") and (230' < e < 360') with a

potential difference of less than 10pV would give quite a reasonable reference point.

12.4.2Inclusion of one eye in the model

The model is an idealization which excludes some compartments, considers the same
conductivity values for different compartments, and assumes axial symmetry which
causes difference between calculated and measured data. The proposed model
includes only one eye. How much this would affect the values of potential
distribution? Looking at figure 10 we notice that the eyes are geometrically placed in
the head in such an angle and distance that the field in each horizontal rotation would
not be affected significantly. The only possible effect could be the negative potential
(Figure 12.1) on the electrodes close to the other eye. For example when the eyes
move in horizontal direction to the right, because of the damping effect especially in
the air gap inside the nose significant amount of the negative potential of the right eye
would not be detected by the electrodes on the nose. The same applies for the
electrodes placed on the regions out side of the eye. Applying superposition principle
the largest possible effect would be a negative potential of few tenths of micro volts
which may effect but not has significant effect on the final calculated value. However
comparison of the results (Figure 9) shows that considering realistic opening angle for
the double layer, compared to measured values give satisfactory result.

12.4.3 Opening angle double layer

As expected, besides the density of the potential across the double layer, also its
geometrical dimension has significant effect on the calculated potential distribution.
The effect is not only on the absolute value, but also on the linear range of the
potential distribution. The smaller the opening angle, the larger would be the
dimension of the double layer which would lead to a larger radial electric filed
causing a larger potential value. The total opening angle of the double layer is equal
to the total circular angle, i.e.360 degree minus the extension of the retina in the eye
(Figures 2.1 & 8.3). This leads to a physiologically correct opening angle in the
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model i.e. 130 degrees. Using this value, the solution of the model led to good
approximation of the electric potential around the head. In the linear region the
difference between the calculated values and measured values was -25%o, *[ich ir a
good approximation for computational method. For the rotation angle of 15',
percentage difference between measured and calculated was as small as -5Yo. By
comparing the calculated and measured values for all angles, it could be concluded
that the proposed eccentric spherical model predicts the actual potential field
distribution of the corneo-retinal source with reasonable accuracy depending on the
value of the opening angle (Q in Figure 5.2).

12.4.4 The significance and practical applications of the proposed model
and its solutions

AC recording of EOG signals is the usual clinical method of recording eye
movements. However, neither eye position nor slow pursuit eye movements can be
recorded using alternating-current amplification. For quantitative studies, the
theoretical results of the proposed model in this study give valuable information
regarding the DC potential distribution on eye and head regions.

In some applications it is very important to get as strong signal as possible.
According to the theoretical results based on eccentric spherical model, using bipolar
measLlrements would give stronger potential values than unipolar measurements,
which is a better practical choice for the clinical applications.

Many investigators fKohlrausch 1931, Granit 1933, Einthoven and Jolly 1908, piper
1903], using simpler components of the retinal signals, have given explanations to the
complex retinal potential changes accompanied by interference phenomena between
potentials differing in sign, strength and time relations. During the rise of ERG
signals the field at any instant of time can be considered to be quasi-static. By this
assumption the Laplace's equation could also be applied to ERG signals. Therefore,
the use of the proposed eccentric spherical model, which was derived for the EOG
signals, is not restricted to EOG signals. The model can also be used to examine the
potential distribution of the ERG signals in all regions in the head and eye required
that proper source model is included in the model.

In the elderly population age-related macular degeneration (ARMD) is the leading
cause of legal blindness in the western nations [Ferris 1983, Gibson et al. 1986,
Hyman et al. 1983, Klein et al. 19921. Electrophysiological tests using focal
stimulation of the affected retinal area are one approach to analyse the type oiretinal
dysfunction [Hood et al, 1998, Horiguchi et al. 1986, sieple et al. l9g6]. In some
studies it was shown that ERG of the patient with macular degeneration could be
normal, whereas the EOG of the same patient could reveal the disease. For example
Vidmar in 2001 [Jarc-Vidmar et al.2001] in his study considering this case concluded
that in Best's distrophy, pattern ERG is getting abnormal with progression of the
disease, indicating relative preservation of neurosensory retina ln initlal stages of the
disease. In contrast EOG was abnormal in all the patients regardless of tne stage of
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disease and full field flash ERG which was normal in most of the patients. As
discussed 12.4.3, the size of the extension of the retina is directly reflected in the
results. This is why the model can be used for computational evaluations of the retinal
degenerations such as ARMD, where the EOG shows abnormality, where the decrease
of EOG intensity value can be evaluated.

The model has indispensable value in easy evaluation of the electric potentials and
will be very much appreciated in the eye movementos research field. Example of non-
clinical commercial applications of the model include, systems for assisted mobility
and EOG eye-controlled interfaces in general by providing quantitative data about the
electric potentials, linearity and sensitivity of the EOG method.

Last but not the least, is the inherent property of analytical solution which makes the
proposed model a powerful tool for parametrical analysis. For example using the
solution of the model, it is possible to investigate the effect of the important
parameters such as conductivity and head size variation on signals such as EOG and
ERG.
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13. THE EFFECT OF CONDUCTIVITY
VARIATION AND HEAD SIZE ON THE
BOG SIGNALS

The results of the electric potential variation on the outermost spherical (R3) and
regions inside the eye are presented in this chapter. Table f:.r presents the
conductivity values which are used to study the effect of conductivity changes on
potential values.

13.1 Conductivity variation results

13.1.1 Changing the conductivity of all tissues

When the conductivity values of all tissues were increased or decreased, the electric
potential in different regions of eye or head seem not to change significantly. If the
volume and thickness of the all regions were the same, changing ttie conductivity
would not change the potential values at all, but because the iegions differ in size
(volume and thickness) slight change in potential values are expected.

The potential variation on the head region when the conductivity values were
increased or decreased is presented in Figure 13.1. Figure 13.2 presenis the potential
variation in percentage in the eye region. The conductivity vilues were increased
from l0% to 100% and were decreased from l\oh to 5oyo ('iable ll.l), and then the
electric potential filed was calculated for each case.
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FIGURE l3.l The percentile variation of the electric potential in the head region (Y-
axis) when conductivity of all tissues were increased or decreased (X-axis). Variation
of the positive maximum. the negative maximum and the diffbrence between
maximum and minimum electric potentials are shown.

In the head region the potential does not seem to be aff'ected by increasing or
decreasing the conductivit.v of all tissues at the same time. The variation is for all
cases at most ..-l%" mostly less than 0.2% (Figure l3.l and 13.2). The variation of
positive peak and peak to peak value is even smaller, very close to 0%.

13.1.2 Changing the conductivity only vitreous body

As the case fbr all tissues change, when the conductivity values of only vitreous body
was increased or decreased. the electric potential in diff-erent regions of eye or head
did not change significantly.

The filed variation results when the conductivity values rvere increased or decreased
are shown in Figure 13.3 and 13.4. Figure 4.a represents the electric potential
variation on the head and 4.b represents the electric potential variation on the eye
when the conductivity value of only vitreous body (circle with radius Ro) was
changed.

131



I

tl l,Ilf

9s' oo* $o$ ,l,o'\" J.s\" S\' nds .sb orss 
^"'\' ^.*t

OlO0 %1, conductivity changes, At tissues (AT)

a iln
o
o

o 020

=
o --! U.UO

o
E
a'UZU
o

j

s

FIGURE 13.2 The percentile variation of the electric potential in the eye region,
when the conductivity of all tissues were increased or decreased. Variation of th"
positive maximum, the negative maximum and the difference between maximum and
minimum electric potentials are shown.

t32



ilr I

flr ffil
T ry ry ry ry ry

E

@

o
o 0.3o
o

o
o

o
E

o _nl
oo
j

s
> -0.7

E Positive peak variation

INegative peak variation

E Peak-peak variation

s\6 .\o s\o 
"\o 

a\! o\o s\o c\o o\o s\o s\o

$s' )rs' )s ls' ;.s \s' .rS' rs' 6s' tb 5'"

OlO0 (%1, Conductivity change, only viyterous body

FIGURE 13.3 The percentile variation of the electric potential in the head region
when conductivity of only vitreous body were increased or decreased. Variation of the
positive maximum, the negative maximum and the difference between maximum and
minimum electric potentials are shown.

133



a-

!i !l l*ry,ry'

o
A 0.7
o

o
o -^O U.J6

o
o
- 0,0
o;
I ^.o ""e
j

s

BPositive peak variation

INegative peak

O Peak-peak variation

(s' ,us' :5s'\' dh ndts ..'\" tos .d\" 
"ds ru$

OlO0 (o/ol, Conductivity change, onty viyterous body

\ss'

FIGURE 13.4 The percentile variation of the electric potential in the eye region when
conductivity of only vitreous body were increased or decreased. Variation of the
positive maximum, the negative maximum and the difference between rnaximum and
nrinintum electric potentials are shown.

13.1.3 Changing the conductivity extra-ocular tisslres

When the conductivity values of extra-ocular tissues were increased or decreased, the
electric potential in ditterent regions of the eye change significantly. For the case of
the head there is significant change in electric potential value of its maximun.r
negative value when the conductivity is increased -50%o or more.

The electric potential variation results fbr the cases when the conductivity values
were increased or decreased are shown in F igure 13.5 and 13.6. The conductivitv
values rvere increased fiom l0% to 100% and were decreased from l00o to 509r. fh;
electric potential fi led was calculated using these changed conductivity values. The
results are compared to the electric potential values on the head or eye, r.vith not
changed condLrctivities and represented as percentage change.

Figure 13.-5 represents the electric potential variation on the head and 13.6 represent
the electric potential variation on the eye. The line passing through circles represent
the percentage variation of the positive peak value ol the electric potential. The line
passing through sqllares represents the percentage variation of negative pe.ak value.
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The variation of the peak to peak value is represented by the line passing through
tri angl es.
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condr-rctivities of extra-ocular tissues were increased or decreased. Variation of the
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minimum electric potentials are shown.
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The maximum variation of the elect potential on the head is -7o/o when the
conductivitf is increased by 100%. The rnaxirnum variation when conductivity is a
decrease of -4o/o for negative maxirrum decreased on the head. when the conductivitv
is decreased by 50%. Otherwise the electric potential on the head change less than Joi
fbr the other conductivity change cases, mostly less tlran 270.

Maximum variation of the electric potential is observed on the eye region when the
conductivity values of ertra-ocular region were increased or decreased. Increasing the
conductivity ol the region or-rtside the eye would mean that the resistivity of--that
region would decrease. This rvould mean that the relative voltage drop in the extra-
ocular region 

"vould 
decrease, leaving a larger voltage clrop in e1,e region. This fact is

quite clear fiorn Figure 5.b. The positive peak value of the electric potential increases
up to "- 1296 when the conductivity r'vas increased by 100%. It decreases -70lo when the
conductivity was decreased by 50%. The negative peak values change the most, r-rp to
-23% when the conductivity was increased by 100% and decreased up to -l2lo when
the conductivity was decreased by 500ui,.
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13.2 Results of head size variation effect

The results are plotted in a bar diagram where the positive and negative peak values
are presented. The difference between positive and negative peak which represents the
largest detectable EOG signal on the head is presented in the same diagram.

13.2.I The voltage variation in the eye region

As expected increasing the head size would not have that much effect on the electric
potential values in the eye region (Figures 13.7 and 13.8). For all cases of head radius
changes the variation of the potential is less than lYo. For example increasing the
head size, the positive peak of the potential decreases very little, only -0.5% for a

head radius increase of 43Yo. The negative peak changes even less, practically not at
all. There is slight increase in negative peak value of up to 0.9o/o, when the head
radius was decreasedby 43%.
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FIGURE 13.8 The percentage electric potential variation in the eye region as a
variable ofthe head radius decrease. R3 is the changed radius and R3o is the-reference
value of the head radius (Figure 8.1).

13.2.2 The electric potential variation on the head

There is significant change in electric potential values on the head when the head
radius was increased or decreased (Figures 13.9 and 13.10). Specifically the negative
peak value changes much. more compared to positive peak value changes."Also
compared to the changes in the peak to peak values negative peak valuJs change
more. The negative peak value of the potential increaser up to -8% almost linearly is
the head size increases. The value decreases up to -9%o as the head size decreases.
Increasing the head size does not show that much effect on the positive peak values
when the head size decreases. When the head size is increased, the positive peak
values of the electric potential values decreases up to -4Yo. The changes in the
difference between positive and negative peak valuei are negligible whenlncreasing
or decreasing the head size.
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13.3 Conclusions and Discussions

Comparing the computational results from solving the eccentric spherical model, to
the EP for baseline conductivity values, suggests that variatiotrs 

"un 
occur depending

upon which tissue conductivities are changed. The most significant effect found to be
for the variations of the tissues in extra-ocular region.

The results of this study contribute to quantitative understanding of the effect of
possible variations in tissue conductivities and head size o., .ecoided EOG signals.
The results provide valuable information to clinicians in quantitative meaning oiBOC
signals from different individuals, for example the EOG of young adults coipared to
that of children. The results also benefit scientists doing resear"h on application of
EOG in different eye movement control systems and other novel EOG appiications. In
such application areas the sensitivity analysis of EOG signals are important. The
results and proposed model and its solution could well be used and applied for
sensitivity analysis and define possible variation range of EoG signals.

The size of the differences as a result of the conductivity and head size variation
compared to clinically relevant variation of EOG are for most of the cases small.
However there are some cases where significant changes in EOG values could be
observed. Details of these changes are discussed in the following sections.

I 3.3. 1 Conductivity variation

The peak-to-peak values presented in this study corresponds to the EOG signals of
maximum horizontal eye movements. Based on the results of this study, changing the
conductivity of all tissues simultaneously, the EOG signals would not be affectea
significantly.

The volume of the eye is smaller part of the whole eccentric model. In ohmic terms it
means that the potential drop would be smaller in the eye compared to the rest of the
potential drop in the head region. By examining the results we notice that this is
actually the case and changing only the conductivity of the vitreous body would not
mean significant change in the electric potential distribution in the head oi 

"y" 
region

(Figures 13.3 and 13.4).

However unlike the previous case, changing the conductivity of extra-ocular region,
which comprises the large part of the model (head), causes bigger variatioris in
electric potential values. Also in the eye region, the potential changes significantly,
because the relative resistivity of ocular region compared to extra-ocular region
increases when the resistivity of the extra-ocular region decreases (conductirity
increases) compared to the case where the conductivity is not changed. I.nit would
mean a relatively larger potential drop in eye region when the resistivity of the extra-
ocular region is decreased (conductivity increased). This is clearly obseived in Figure
13.5. By examining Figure 13.6, we notice that the variation is directly proportiinal
to the distance of the potential distribution point to the double layer source, i.e. points
such as back side of the head where the distance between the source and measurement
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point (electrode) is larger varies more compared to the points around the eye. It is
also clear fro the Figure 13.5 and 13.6 that positive peak values which represents
points measured from electrodes close to the eye do not change significantly. This is
because the distance between the source and the measurement point and the source is
smaller compared to the back side of the sphere representing the back side of the
head.

13.3.2 Comparison of natural tissue conductivity variation and estimated

electric potentials variations

Natural variation of the tissue conductivity is significant when very young children,
<2 years old, and adults are compared. The variation of brain tissues, skull and
muscles comparing very young and adults can be as large as 60oh fPeyman et al
20011. Also conductivity of tissue may noticeably change due to variation in body
water and electrolyte balance e.g. due to many diseases, however compared to the
previous case the variation is smaller. Reported variation of tissue conductivities and
their inter- and intra-patient alterations is high specifically for some tissues in the
head. For example Faes et al, fFaes et al. 1991] reported that the latge 95o/o

confidence intervals reflected large uncertainties of resistivities of human tissues.
They recommend that applications based on these resistivities in bioimpedance
methods, EEG and ECG, should be developed and evaluated with these uncertainties
in mind. According to the results of our study this is not the case for EOG signals,
which are significantly less sensitive to tissue conductivity variations.

13.3.3 Head size variation

Natural variation of head circumference size from birth (-33 cm) to an adult age (-60
cm) is about 80%. The considered variation in this study was 86%. The natural
variation of head size compared to the variations estimated for the potential change
on the head and eye, are relatively large, i.e. the same amount of change in head
sizelhead radius is not expected for potential changes (EOG signals).

Increasing or decreasing the head size means that the total resistivity (conductivity)
of the extra-ocular region changes as well. Also relative resistivity, the ratio of the
resistivity of ocular region to extra-ocular region would change.

In the eye region as expected the potential change would not be significant, because
the radius of the sphere representing the eye remains the same. This is confirmed by
the results in Figure 13.7 and 13.8, where no significant electric potential variation is
observed in eye region.

In the head region the negative peak of the potential distribution changes most. The
negative peak is the voltage distribution in regions outside the opening of the double
layer and the positive peak values are points calculated in front of the opening of the
double layer. As expected the negative peak potential variation on the back side of the

double layer (back of the head), would be larger, because by increasing the head size,
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there is bigger total resistivity change. Also the negatively charged surface of the
double layer is oriented outward, which is observed as the negative potential in the
region outside the opening of the double layer (Figures 8.1 and 8.2).

Generally speaking the electric potential variation, i.e. EOG signal variation, when
the head size changes, is directly proportional to the distance where the potential
distribution is measured to the double layer source. This is why in the head region,
increasing the distance of the point where potential is examined to the double iayer
source, accordingly the variation will be larger. From EOG signals point of view the
effect of head size variation would depend on the way EOG signals are recorded. In
other words, the selected reference point on the head would lead to different value
compared to the reference head size for any head size change. If the head size
increases, keeping the corneo-retinal potential and the eye size the same, the positive
peak will increase and the negative peak will decrease. In practice it would mean a
change of up to +7Yo for head size increase of 43%" if EOG is measured in mono-polar
way. However for bipolar recordings if one of the electrodes is placed more than 5
centimeters away from eye, EoG signals correspond to peak-to-peak value of the
potential in the model, the change in EOG signal value would not be significant. For
example for such a case the model predicts a maximum of -3Yo change in the value of
EOG signals if the head radius is increased by 43%. However for the cases where both
electrodes are close to the eye, as usually is the case for bipolar recordings, the
potential change is doubled. This is because each eye contribute the same amount of
change but with opposite signs. Therefore for a maximum head radius increase of 43yo
the EOG signal intensity change is estimated tobe -14%o.

The overall conclusion is that EOG signal variation caused by the head size change is
reference electrode dependent, and a maximum increase of up to +43o/o in head radius,
would cause less than l4Yo change in EOG signal magnitudes both for bipolar and
unipolar recordings.
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14. ASYMMETRY OF EOG SIGNALS

14.1 Results

The comparison of the opposite EOG horizontal saccades included the few hundred
ms of the rising and descending part of each signal. The descending part of the signals
were inverted and put in the same base line for comparison purpose.

14.l 1AC recordings of EOG

In the following section AC recording results will be presented. The signals in Figure
14.1 represent the EOG recorded from electrode position B for left and right eyes on
canthai with respect to reference electrode I (Figure 6.1). The averaged signals are
reconstructed from l0 cycles by filtering components over 300 Hz. Horizontal
saccades 15, 30 degrees are presented. 150 ms of each EOG corresponding to opposite
saccades were compared. The top graph represents EOG for saccadic movements
when eye moves from center to left (CL), the middle graph center to right (CR) and
bottom graph left to right (LR). Figure 14.2 represents the same comparison as 14.1
but for a 60 degrees saccade when eye moves back and forth from left to right. The
solid lines correspond to the movements when eye moves towards the electrode, i.e.
horizontal temporal movements, and dashed lines correspond to nasal saccades.
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FIGURE 14.2 Averaged and filtered signals AC recorded EOG signal of horizontal
saccade from electrode position B (Figure 6.1), when eye moves 60 degrees back and
forth from left to right (LR). The dashed line is the inverted signal when eye moves
away from electrode and the solid line the signal when the eye moves towards the
electrode. The straight solid line is zero line.

14.1.2 DC recordings of EOG

The measurement results of the DC recordings are presented in Figure 14.3. The
signals are low pass filtered, and then the signal is reconstructed by averaging 10
cycle of each signal. It represents the EOG of saccadic of l5 degrees. The -150 ms of
each EOG corresponding to opposite saccades are compared. The top graph represents
EOG for saccadic movements when eye moves from center to left (CL), the middle
graph center to right (CR) and bottom graph left to right (LR). From 14.3 it is clear
that in DC recordings the asymmetry is more emphasized in center to left or center to
right saccades. Figure 14.4 represents the same thing as in Figure 14.3 but for 30
degrees saccade. The results for EOG signals recorded from the electrodes on the nose
for the saccadic movements of l5 degrees in 14.5 and for 30 degrees in 14.6.
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FIGURE 14.3 Averaged and filtered signals of DC recorded EOG signals for
horizontal saccadic eye movements from electrodes on cantai, when eye moves l5
degrees back and forth, top: from centre to left (cL), middte: centre to right (cR) and
bottom: left to right (LR). The dashed line is the inverted signal when eye moves
away from electrode and the solid line the signal when the eye moves towards the
electrode.
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FIGURE 14.4 Averaged and filtered signals of DC recorded EOG signal for
horizontal saccadic eye movements from electrodes on cantai, when eye moves 30
degrees back and forth, top: from centre to left (CL), middle: centre to right (CR) and
bottom: left to right (LR). The dashed line is the inverted signal when eye moves
away from electrode and the solid line the signal when the eye moves towards the
electrode. The solid line is zero line.
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FIGURE 14.5 Averaged and filtered DC recorded EOG signals for horizontal
saccadic eye movements from electrodes on nose, when eye moves l5 degrees back
and forth, top: centre to left (CL), middle: centre to right (CR) and bottom: left to
right (LR). The dashed line is the inverted signal when eye moves away from
electrode (temporal saccade) and the solid line the signal when the eye moves towards
the electrode (nasal saccade).
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FIGURE 14.6 Averaged and filtered DC recorded EOG signals for horizontal
saccadic eye movements from electrodes on nose, when eye moves 30 degrees back
and forth, top: centre to left (CL), middle: centre to right (CR) and bottom: left to
right (LR). The dashed line is the inverted signal when eye moves away from
electrode (temporal) and the solid line the signal when the eye moves towards the
electrode (nasal).
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14.1.3 VOG recording results

The VOG recoded results are presented in Figure 14.7. The top graph represents the
VOG for saccadic eye movelnent when eye moves from center to left (CL), the middle
graph, center to right (CR) and the bottom graph left to right (LR). The horizontal
axes is time in ms and the vertical line is the k multiple of rotation angle, which is
scaled in VOG measurement equipment. The solid line in the graphs representing CL
and cR movements are the lines where eye moves away from the voG .u*".a
detector (temporal), and the dash line is the signal when eye moves towards the
camera detector (nasal).

Left eye

Center to Left {CL)

Center to riglrt (CR)

Left to right (LR)

FIGURE 14.7 Averaged and filtered signals of recorded VOG signals for horizontal
saccadic eye movements when eye moves 30 degrees from left to right (RL), from
center to right (CR) and from center to left (CL). The dashed line is the inverted
signal when eye moves in the opposite direction of the solid line. Brown line is zero
line. The vertical line is a constant k multiple rotation angle in degrees. K is a scaling
factor in VOG measurement instrumentation.
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14.2 Conclusions and discussions

The results of this part of the study would contribute to understanding the asymmetry
reports regarding EOG signals and interpretation of the EOG signals both in clinical
and eye movement control applications. Because the EOG has its origin in the corneo-
retinal potential of the eye, some may link the observed asymmetry to the corneo-
retinal potential activity of the eye. However the explanations provided in this section
rules out the possibility that the origin of asymmetry is the constant potential electric
source of the eye. In the EOG eye movement control applications, the result of this
study should benefit the designers in taking into account the asymmetries reported
and described in this study, specifically for the temporal eye movements that starts
from left to center or center to right.

14.2.I Asymmetry of the horizontal EOG saccades

The horizontal saccades at opposite directions of different angles for three kinds of
saccades, CL, CR, and LR were compared. The results suggested the presence of
asymmetry in the horizontal saccadic eye movements when the saccade of the same

angle in opposite directions was compared. In most of the horizontal temporal
saccades overshoot was observed and seemed to be the main source of asymmetry.
Overshoot generally means that the eye jumps to a larger value than the target angle,
i.e. the subjects look beyond the fixation target and then return to a stable position.
Monopolar AC recording results of EOG signals which were recorded from electrode
position B (Figures 14.1 & 14.2) shows a clear asymmetry when the few hundred ms

in rising part of the EOG signals were compared. This overshoot seems to exist for all
three types of horizontal saccadic eye movements carried out in our measurements.

The asymmetry of horizontal saccades seen in EOG signals are also confirmed by DC
recording of EOG signals (Figure 7). The results of DC recordings suggest that the
asymmetry is larger for the saccades that the eye starts its movement from centre, i.e.
from the position when eye looks straight ahead. This is clearly seen from Figures
14.3 and 14.4, where the asymmetry is more dominant in EOG of the CR and CL
saccades compared to LR saccade.

From all EOG signals recorded from electrodes on cantai it is seen that EOG of the
movements towards the electrode include an overshoot in the beginning of the signal
and are slightly higher in magnitude. However looking in Figures 9 and 10 it is
noticed that unlike the recordings from cantai electrodes, the EOG signals recorded
from electrodes on the nose shows much larger asymmetry. When eye moves away
from electrode, there is a clear overshoot with larger amplitude compared to nasal
movements. So in general we can conclude that EOG of temporal saccades have
overshoot with slightly larger amplitude compared to nasal saccades. Also the time
constant is very different, which is discussed next.
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14.2.2 Rising time and duration of overshoots for nasal and temporal
saccades

It was earlier reported by Robinson in 1964 that nasal saccades for the same angle last
longer when compared to the temporal saccades. In average, nasal saccades lasts
about 5 ms longer than temporal saccades (Figure 12), i.e. temporal saccades are
faster than nasal saccades. The results of this study show that there is difference in
time constants for the saccades of the same angle but opposite directions, i.e. nasal
and temporal saccades. Examining Figures 14.1, 14.2, 14.3, 14.4 and 14.7, it is
noticed that the duration of overshoots are different for different angles of horizontal
eye movements. Overshoots last between 25 and 50 ms depending on the angle of the
eye movement.

5S
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FIGURE 14.8 Superimposed tracings of a nasal and a temporal saccade of the same
magnitude on the same subject [Robinson, 1964].
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In general the larger the movement angle, the larger is the duration of the over shoots,
however the relationship does not seem to be linear. It is proportional to eye
movement velocity, which increases nonlinearly with saccade angle. The difference in
time constants of the EOG's for nasal and temporal saccades are more clearly
identified in signals recorded from the electrodes on the nose. Figures 14.5 and 114.6
show that the time constant is in average about 2 times larger for temporal saccades

compared to nasal saccades. This shorter time constants for temporal eye movements
means that the temporal saccades at the beginning of the saccade are faster than nasal
saccades, i.e. the eye moves faster in temporal saccades.

14.2.3 Asymmetry of the amplitude of the EOG signals

Examining the DC and AC recording results reveals that the amplitude of the opposite
movements is not asymmetrical either. In general temporal eye movements show
larger amplitude compared to nasal movements.

The VOG recordings do not reveal the overshoot asymmetry (Figure 14.7). This is
most probably because of the low sampling rate of VOG recording equipment. The
VOG recordings show some the amplitude asymmetry for the saccades in opposite
directions. If the opposite saccadic VOG signals are compared it is noticed that there
is no difference in time constant. This amplitude asymmetry without any signs of time
constant difference, most probably is a result of mis-calibration.

14.2.4 Possible origin of the observed asymmetry in horizontal EOG

recordings

While moving the eyes from one location to another by saccadic movement, the same

innervation signal is sent to both eyes during saccade. In 1954 Westheimer proposed
that the eye moved in a saccade way by the application of a step function of net
muscular force such that a proper modeling and combination of a pulse plus step input
could describe the horizontal eye movements. He also proposed that the saccades are

slightly under-damped. However the results of this part of the study demonstrate that
the ocular movement is heavily over-damped. The eye does not execute a saccade on

the application of a step function of force. This is clearly shown in 8Robinson, 19641
Figure 14.9.
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FIGURE 14.9 Superimposed tracings of tension recorded from an isometric rod
which restrains the eye from moving for various saccadic movements of the eye.
Ordinate shows net muscle force at the moment arm of the radius of the eyeball
[Robinson, 1964].

The motion seems to be the sum of at least two exponentials, one with a short, the
other with a long time constant and is probably made up of a distribution of time
constants. One possible explanation to the asymmetry phenomenon of horizontal EOG
signals is that eyeball has different velocity profiles in temporal and nasal eye
movements. In horizontal eye movements medial and lateral rectus muscles are
responsible to perform such movement. The muscle, either medial or lateral rectus
towards which the eye moves undergoes contraction, while the muscle from which the
eye moves away undergoes relaxation. On the other hand because the eye is not a
rigid and perfect spheres a non-symmetrical movement type is anticipaied. At the
same time translational eye movements may also contribute to the 4symmetry
phenomenon.

The overshoot asymmetry is seen for small and large angles. The reason for that could
be described by the fact that the initial phase of the saccadic eye movement is
independent of amplitude, however the duration of the saccade increases as the angle
of saccade increases. In Figure 14.9 the acceleration versus time for saccades of
various extents is shown.

In most practical EOG applications the asymmetry is not clearly seen, because the
signal is usually recorded as the potential difference between the two electrodes
locating on both eye canthai. Asymmetry of horizontal eye movements can be better
detected if unipolar recording is performed.
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The pure velocity profiles of saccadic eye movements have been studied by various
groups [Baloh et al. 1974, Boghen et al. 1975]. The problem of saccade control from a

perspective similar to other movements of the body: from this perspective, movement
of any body part is viewed as resulting from a pulse of force applied for a certain time
by opposing groups of agonist and antagonist muscles. The magnitude and duration of
the force pulses are assumed to vary systematically as a function of the desired
movement amplitude and speed (e.g., movements that have short durations and
traverse long distances would require brief large forces). Furthermore, assuming that
the motor system is "noisy," repeated attempts to produce identical movements are

assumed to have variability in the amplitude and duration of the associated force
pulses.

The overall conclusion is that the asymmetry of EOG signals attributed to eye
velocity profiles is seen not only in the opposite movements of the same degree for
the same eye, but also the same saccade shows different velocities in right and left
eyes. For example according to Baloh et al, the right eye makes 12 percent faster
saccades to the right. Therefore the asymmetry and differences in the EOG signals
recorded for horizontal eye movements most probably have their origin in different
velocity profiles. The saccades of the abducting eye show in general a larger size, a
higher peak, a shorter duration and were more skewed than the adducting saccades.
Further research such as investigating simultaneous EOG and velocity recordings is
needed to quantitatively define the relationship between the EOG asymmetry and
velocity profiles of saccadic eye movements.
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15. SUMMARY

There were three main goals in the study:

I) fne first objective was for the first time to propose an eccentric-spherical model
and apply an analytical-mathematical solution to predict the potential distribution in
the all regions of eye and head as well as in the inner tissues. The model was
composed of two eccentric systems of concentric spheres, which contained all the
important eyeball compartments. Laplace's equation was applied to solve the forward
problem for an idealized eccentric spherical model. An analytic solution was found in
the form of a double series expansion in Legendre polynomials. A very demanding set
of equations with unknowns representing fields in different compartments were
derived. The boundary conditions at the boundary of different layers are used to solve
for the unknown coefficients. Commercial software was applied to solve the complex
matrix and equations. The model was validated by comparing the calculated resulis to
measured EOG signals.

Key results and applications I:

The solution of the model provides quantitative information about the potential
distributions not only on the entire head and eye surface, but also inside the iread and
ocular region, which otherwise is almost impossible to measure. The proposed model
has a sound theoretical foundation and its accuracy depends on the 

-linlar 
range of

EOG signals and also the parameters of the model, specifically the dimensions of the
double layer. For a morphologically correct retinal double layer size the deviation of
the computational results from measured EOG values were relatively small. The
computational results gave an overestimation of only 25oh in worst case and 5Yo in
best case.
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Providing two parametrical analyses in this thesis, namely the effect of tissue
conductivity and head size on EOG signals, proves how effectively the model can be

applied to study the effect whatever parameter in the model.

Calculated electric potentials on the surface of the outermost sphere which represents
the head are validated by comparing it with measured EOG signals. The validation of
the calculated electric potentials values were carried out for rotation angles: 15, 30,
45 and 70 degrees. Two opening angles of the retinal double layer, namely 135 and
200 degrees for two different reference points on canthai were included.

Significance: There is a demand among the clinicians to have quantitative information
about the points on the head which can be used as a reference point for unipolar EOG
recordings. The Conclusions of the first part of the study gives a quantitative measure
about the value of the electric potentials on the parts of the head which could be

considered as reference points. According to the results the potential difference of
two electrodes between (0"< e < 130") and (230'< e < 360") which has a potential
difference of less than 10pV could be considered as reference-point.

Information about the retinal layer is important for clinicians in determining the
functional status of the retina prior to a possible vitrectomy. Because the opening
angle in the proposed model is proportional to the assumed dimensions of the retinal
double layer, the model can be used to investigate retinal injuries such as ARMD. A
reduced or altered EOG can be related to preclude vitrectomy or retinal injuries in
general.

Because the quasi-static assumption is valid also for ERG signals, the proposed model
could also be applied to examine the potential distribution of the ERG signals around
the head and other regions of interest required that appropriate source model is
included in the model.

Besides the clinical applications, the model can be used in commercial application of
EOG such as eye-tracking and eye-control applications where the quantitative
theoretical evaluation tool is very much appreciated. Also the simplicity of the model
and short calculation time makes it easy to apply for quantitative evaluation of EOG

signals in the field of eye movement research.

II) Second purpose of the thesis was to study the effect of the head size and tissue
conductivity variation on EOG signals. Variations in head size and head

conductivities can be observed in different individuals, depending on gender, age and

health status of the individual.

Key results and applications II:

The study of the head size and tissue conductivity effect on EOG signals presented in
this study was not investigated before. The result of this part of the study is in
agreement with the study of Doslak and Plonsey regarding ERG signals. Increasing or
decreasing conductivity of all tissues in the head region at the same time did not
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change significantly the potential distribution if the source intensity is kept constant.
However, changing the conductivity of extra-ocular region, which comprises the large
part of the model (head), causes bigger variations in electric potential values. The
variation is directly proportional to the distance of the source to point where potential
is calculated. This means that the values which represents points measured from
electrodes close to the eye, do not change significanily, as the distance between the
source and the measurement point and the source is smaller compared to the back
sides of the model (head).

In general, electric potential variations caused by tissue conductivity change or head
size changes in general compared to the natural variations of the considered
parameters, are smaller, i.e. the same amount of variation in tissue conductivities are
not expected for electric potentials, i.e. EOG signals. Specifically the variations of
EOG signals caused by changes of conductivity of ocular medium are negligible.
Among all tissues in the head, the variation of the conductivity of the extra-ocular
tissues (head tissues) has the largest effect on the signals recorded from different
points on the surface of the head and eye region. Theref,ore, an accurate modeling of
electric potential distribution requires accurate knowledge of tissue resistivities of
extra-ocular tissues, while for source localization procedures this knowledge might
not be a necessary. This is because in accurate modeling of electric potentials, we are
looking for exact potential values, while in source localization the location of the
source is determined.

Significance: The results of this study contribute to quantitative understanding of the
effect of possible variations in tissue conductivities and head size on recorded EOG
signals. The results provide required information to clinicians and EOG application
researchers in understanding the quantitative meaning of EOG signals from different
individuals such as the EOG of adults compared to children. The results of this part
of the study can also be used for sensitivity analysis and define possible natural
variation range of EOG signals among individuals. This can easily find application
doing research on application of EOG in different eye movement control systems and
other novel EOG applications. In such application areas the sensitivity analysis of
EOG signals are important.

III) Last objective of the thesis was to investigate the presence and structure of the
asymmetry in horizontal EoG signals by performing systematic EoG and voG
measurements and signal analysis.

Key results and applications III:

The results of this part of the study show that the horizontal eye movements are
asymmetrical in many respects. In most of the opposite horizontal saccadic eye
movements overshoot is observed in temporal direction and is the main source of
asymmetry. There is a clear overshoot in the EOG signal when the eye moves towards
the cantai electrodes. This is observed both in AC and DC recordings of EOG. The
duration of overshoots is different for different angles of horizontal eye movements.
overshoots last between 25 and 50 ms depending on the angle of eye movement. In
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general the larger the movement angle, the larger is the duration of the overshoots,
however the relationship does not seem to be linear. The asymmetry is more
predominant in saccades which start from center towards canthai. In these EOG's the
electrodes on the canthai recode a larger overshoot compared to EOG of left-right-left
saccades. EOG asymmetry is pronounced most when the EOG signals recorded from
electrodes placed on the nose are compared with each other.

The VOG recordings, because of the low sampling rate did not contribute much in
seeking supplementary inputs to study the horizontal eye-movement asymmetry. This
was found to be most probably because of the low sampling rate of the VOG
measurement instrumentation compared to that of EOG systems which can be as high
as 20 kHz.

In summary it can be concluded that the asymmetry and differences in the EOG
signals recorded for horizontal eye movements have their origin in different velocity
profiles, which are modified by the sensitivity function. The saccades of the
abducting eye show in general a larger size, a higher peak, a shorter duration and are
more skewed than the adducting saccades.

Significance: The results of this part of the study contribute mostly to the sensitivity
analysis of the EOG signals both in clinical research and novel other EOG
applications. Because the asymmetry observed in EOG signals, have their origin in
velocity profile of ocular movements, in eye movement control applications,
specifically for the temporal saccades a circuit should be applied to remove the
overshoots.
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