

























































































description related to the electrophysiology of the eye is the electrically excited
phosphene. In 1755 Le Ray described the electrical phosphene produced by the
discharge of a Leyden jar between the head and the legs of a young man who was
suffering from cataract and who thereupon perceived a blaze of light. The simplest
way to demonstrate this phenomenon is to place a small electrode on the eyelid when
the eye is closed, while another electrode touches any part of the body. A weak
continuous current (a fraction of a milli ampere) produces a flash of light when it is
initiated and when it ceases.

4.3.1 The electrical response of the eye

Light waves are propagated in all directions from every point of a visible object.
These divergent light waves pass through the optical system of the eye that focuses
them back into a point before an accurate image of the object is achieved. The image
of the object being viewed is focused upon the retina, a thin layer of the neural tissue
lining the back of the eyeball. As a general rule in sensory organs, the stimulus is
translated into receptor output by the following chain of events:

Stimulus =» Receptor molecule = Transduction channel = Receptor potential =
Transmitter release =» Spike train

Almost all of the sensory receptors act directly or indirectly on ionic channels to
modify ionic fluxes and to make electric signals [Hille 1992]. In each case, a signal
type of channel (called transduction channels) initiates translation of sensory energy
into electric signals, called receptor potentials. The stimulus impinges on a receptor
molecule that may itself be the transduction channel or may communicate with the
channel via a second messenger. The receptor potential is shaped by the interaction of
receptor current with a typically complex background of voltage-gated and Ca-
sensitive channels. The receptor potential controls either the firing rate of the axon of
the receptor cell or, in non spiking compact receptors, the rate of the neurotransmitter
release onto a second order cell. The dc potential of the eye and its relation to
neurotransmitter has recently been reinvestigated by several investigators. [Frambach
etal. 1988, Linsenmeier 1986, Pautler and Tengerdy 1986, Nilsson 1989].

In 1865 Holmgren discovered that, superposed on the resting potential, there was a
sudden variation of potential at the onset of illumination. The study of these rapid
variations of potential remained difficult for a long time, in the absence of an
appropriate technique, and it was not until 1903 that Gotch, using a capillary
electrometer, was able to record, as a function of time, the first electro-retinogram.
Later, the string galvanometer [Brucke and Garten 1907] and above all, the valve
amplification [Chaffee et al. 1923] made it possible to study the different phases of
electro-retinograms, which became the objects of a large number of researchers.
Among these, pride of place must be given to the works of Ragnar Granit and his
collaborators that was carried on uninterruptedly between 1932 and 1954.
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4.3.2 Bioelectric source of EOG

As mentioned in previous sections the credit for the discovery of the standing
potential is generally given to du Bois-Raymond [1849]. Here, in his own words, is
the announcement of his discovery in the tench, a European freshwater fish. "... with
the eye on its side, the cornea and the optic nerve could be brought into contact with
the electrodes. From this it was shown that an arbitrary point of the surface of the
eyeball was positive relative to the cross section of the optic nerve". It is clear that he
was measuring simultaneously the physiological standing potential and the current of
injury (demarcation current) at the same time. The properties of corneo-retinal
potentials reviewed by [Kohlrausch 1931] are as follows:

1. In vertebrates the cornea is positive relative to the retina. In invertebrates,
however, the anterior of the eye is negative. This corresponds to the difference in
orientation of the retinas of subphylum Vertebrata and the retinas of the invertebrates,
the visual cells pointing outward in the former and inward in the latter.

2. The polarity of the standing potential is increased by light (the illumination
potential) whether the animal has a positive cornea (vertebrate) or not (invertebrate).

3. There is a sudden discontinuity at the ora serrata, when one measures the
topographic distribution of voltage.

4. Under certain influences, such as ionic changes or mechanical insults, there are
independent changes of the standing and the illumination potential.

The facts concerning the corneo-retinal potentials give the idea that, the retina may be
thought of as a combination of a selenium photoelectric cell and a battery in series
where there is a constant electric current (standing potential) which increases with
irradiation (illumination potential). The situation could be compared to a rotatable
battery situated within a conducting medium, which is actually the case in our model,
with the difference that the battery is a spherical double layer situated in
nonhomogeneous conducting medium. The current from the eye flows in an infinite
number of paths through the orbit and head. Assuming symmetry for the eye
movements, the closer the electrode is to the eye, the stronger the potential. With
given electrodes and the eye fixed, the size of the observed potential depends also, to
some degree, on the passive electrical characteristics of the surrounding tissue, in
addition to the activities of the cells in which the potential originates. The effect of
the surrounding tissues on the generated electric potential in different parts of the
head will be studied using the proposed model and the solution in this study.



5 PREVIOUS STUDIES ON VOLUME
CONDUCTOR AND EYE MODELING

Using a model seems to be rather an indirect way to study a process or system.
However, modeling as a powerful tool for examining the unknown, has served a
valuable role in many scientific studies. To model the physiological systems and
organs a lot of work has been carried out by several scientists in different fields. This
1s not surprising if we note that physiological organs are so complex in nature that it
is almost impossible to directly examine the nature and different functions related to
these organs. The head and the tissues around the eyes form an inhomogeneous three-
dimensional conductor, which is at least as difficult as other physiological organs and
tissues to model.

For modeling the source although numerous methods have been proposed to resolve
the problem either by restricting the form of the solution or by looking beyond the
time domain information, for example, differentiating signals based on frequency and
phase information, to date no technique can claim complete and accurate source
identification. Because the signal of interest and the interfering signals have
overlapping frequency content, the latter set of methods does not work well for
finding eye movements, that is, there is no band pass that will leave the signal of
interest unabated while excluding the unwanted electrical activity.

Among the first category of methods, those that work by restricting the particular
form of the solution, there are: source modeling, the most well known of which are
dipole modeling methods [Berg & Scherg, 1991], solution modeling via optimization
constraints, for example, minimum norm constraints; and component decomposition,
most notably principal components analysis [Berg & Scherg, 1991].
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5.1 Spherical volume conductor models

Spherical volume conductor models can be solved by means of analytic expressions.
Such models are used to study the field distribution of heart and brain. [Schneider,
1972, Gaumond et al., 1983, Cuffin and Cohen 1977, Kearfott et al. 1991, Gerson et
al. 1994, Geva et al. 1995, Rush and Driscoll 1969, Schneider 1974, De Munck et al.
1988, Salu et al. 1990, Cuffin 1993, Schlitt et al, 1995, Stok 1986, Cuffin et al. 1991,
Zhou and van Oosterom 1992, 1994, Mosher et al. 1993, Rosenfeld et al., 1994, Tseng
et al. 1995, Eshel et al. 1995, Radich and Buckley 1995, Malmivuo and Suihko 2004,
Diekmann et al. 1998, Suihko 1998, Krings et al. 1999, Meijs and Peters 1987, Cuffin
1991]. One of the first original works that is used to study the electrical behavior and
field distribution of a physiological source in its surrounding medium is Canfield’s
study [Canfield 1927], where he gave electrocardiography its first mathematical
solution. His model was that of a homogenous insulated spherical conductor and the
field source was a centric dipole. Bayley, Berry, Rudy and Plonsey presented the
general solution of which Canfield’s was a particular part by using eccentric spherical
models to study the ECG field distribution [Bayley 1965, Bayley and Berry 1962,
1969, Rudy and Plonsey 1979].

The complexity of the eye is no less than that of other physiological organs, therefore
the requirement for simplifying the system by proper modeling to examine the field
behavior of the system is essential. There have been efforts to study the field
distribution of the retinal source around the eye using different models. To solve the
model for the field, two methods may be used, analytic, numeric or finite element
methods (FEM). Examples for numeric and analytic solutions are work of [Doslak,
Plonsey 1980, Davey et al. 1988 and Nuh & Prayitno 2003] where a mathematical
model to calculate the electric and magnetic filed in the eye were used. Eye volume
conductor is assumed to consist six layers where each layers assumed to be
homogenous. Each layer was solved numerically by Linear Triangular Finite Element
Method (FEM). None of these solutions used eccentric spherical model for the eye
and surrounding medium as in the present work.

5.2 The spatio-temporal source models of the eye

It is known that the retina is electrically charged, positive at the front and negative at
the back of the retina, which is the source of EOG signals. Electric source of the eye
can be modeled in different ways. Some common source models of the eye will be
presented shortly.

5.2.1 Monopole

The most simple source model for the eye is a monopole. In this model the potential
distribution is assumed to be generated only by the anterior part of the eyeball, which
is described as a positive monopole (Figure 5.1.a). The effect of the posterior part is
neglected, since the formation of the potential field near the cornea is dominated by
the anterior part. When recording electrodes are further from the cornea, for example
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on the scalp, the behavior of the electric field would become more affected by the
retinal generator [Berg et al, 1991].

The potential field caused by a monopole is radial and inversely proportional to the
distance:

O = Lo (5.1

4nor
Where, 1, is the current generator, o conductivity and r distance between the source
and the field point. From equation 5.1 it is noticed that equipotential surfaces are
indeed concentric spheres and that the potential magnitude is inversely proportional
to the radius with the origin at the monopole source. The field described by equation
5.1 for a point current source is identical to the electrostatic field from a point charge.

5.2.2 Two poles

In this model a negative pole is added to the retina, while the positive pole remains in
the same position as in the previous model generator [Berg, 1991].

5.2.3 Dipole

In reality one can never have a single isolated monopole current source because of the
need to conserve charge. The simplest form of the source, which reflects a
fundamental bioelectric source, is a dipole [Plonsey R, 1974]. The dipole consists of
two monopoles of opposite sign but equal strength /,, often termed as source and sink,
separated by a very small difference, d. In fact, the strict definition requires d =< 0, I,
= « with p= I,d remaining finite in the limit. The quantity p is the dipole moment or
dipole magnitude.

If the coordinate axes are oriented so that the dipole is directed along z-(the polar)
axis and the dipole is placed at the origin, then the potential field generated by the
dipole is [Plonsey R, 1974]:

P pcosé
O, =—a,0a0, > O, =2"1 (5.2)
d 4no r2 rE d 4no r2

Where, r is the distance from the dipole to the field point, p is the dipole magnitude
and a, e a, is the dot product of unit vectors. In equation 5.2 the angle @ is the polar
angle. The dipole field varies as (1/r)> whereas the monopole field varies as (1/r). In
addition, the dipole equipotential surfaces are not concentric spheres but, rather, are

more complicated, because of the factor cosf. The maximum dipole potential, for a
given value of r, is on the polar axis (z axis).
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Scherg et al have assumed a dipole rotating about a single location in the center of the
eyeball (Figure 5.1.c). During eye movements, any change in the orientation of the
dipole will also change the generated field. The start and end points of the ocular
dipole define the difference dipole.

Double layer
cornea
= S
a) Monopole b) Two poles c) dipole d) Solid angle

FIGURE 5.1 Illustration of the eye source models.

5.2.4 Application of dipole model

Dipole modeling has been used to study the field distribution of signals related to the
electrical activity of the eye. Among them the works of Scherg and Berg [Scherg et
al. 1984, 1985, 1986, 1990; Berg 1990] could be mentioned. In these investigations
dipole modeling was carried out using a method, which is designed to distinguish the
effects of temporally overlapping activities generated at various locations by
modeling each generator with an equivalent stationary dipole. For a given set of
dipoles at a given location and orientation, the source wave forms are computed
which provide the best fit to the data. More details of the study are given by Scherg
and Berg [Scherg et al. 1984, 1985, 1986, 1990, Berg 1990].

In this model it is assumed that electromagnetic field can be represented at distances
corresponding to those sensors placed on the head and around the eye by an
equivalent current source dipole located somewhere in each eye and oriented
approximately in the direction of gaze. The changes in the signals were represented in
the model by equivalent dipoles, resulting from the vector difference between the
starting and end positions of the ocular dipole. Using this method they have
succeeded in explaining to some extent some of the difficulties associated with eye
artifact correction in EEG recordings, and also has demonstrated why differences in
dipole orientation illustrate vertical eye movements. Another conclusion they reached
in this study is, that dipole movements will have little effect on distant electrodes.

5.2.5 Monopolar solid angle model

In this model the generator is described as a double layer over the cornea (Figure
5.1.d), and the calculation of the field is based on the solid angle theorem. The solid
angle is the angle seen from the electrode point and limited by the surface of the
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double layer, or the angle subtended at a point by a surface (Figure 5.2). When the
eye turns, the shape of that surface changes as seen from the stable electrode point.
The changes in the solid angles will be interpreted as the eye movement potentials
[Malmivuo & Plonsey, 1995).

For an infinite, homogenous, isotropic and linear volume conductor the potential field
caused by a double layer is:

o= jp(—d Q),where —dQ =V (lj-ds (5.3)
4o : F

And ds is a surface element directed perpendicularly to the surface and Q solid angle
elemet [Plonsey R., 1974]. If the double layer is uniform, the potential field is
proportional merely to the total solid angle subtended at the field point and the
potential field is reduced to:

1
4nc

O - — pQ (5.4)

According to equation 5.5 the potential depends only on the apparent size of the layer
from the field point and is independent of the detailed shape of the layer [Stanford,
1975].

FIGURE 5.2 Solid angle element which is referred to opening angle in our model
[Malmivuo & Plonsey, 1995].

5.3 A two dimensional circular model with numerical solution

In the model by Doslak and Plonsey a two-dimensional circular model, depicting the
ERG source and volume conductor inhomogeneties was constructed [Doslak and
Plonsey 1980]. The retina and retinal membrane impedance are represented together
by the double layer (Figure 5.3).
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The volume conductor was modeled numerically with a nodal network incorporating
variable spacing between nodes and point wise variation of conductivities
corresponding to the particular eye region represented. The axial symmetry of the eye
was used to reduce the three dimensional geometry effectively to a two-dimensional
model (Figure 5.3). The inhomogeneties considered in the model were as follows:

1) The aqueous humor and vitreous body, which were together considered as a single
volume because of their close conductivity values. 2) The sclera. 3) The structures
outside the eye, which were lumped together as one effective conductivity allowing
the model to be soluble within reasonable constraints of numerical techniques. The
realistic effect of the extra-ocular region on the field was considered by varying its
conductivity in the model over a large range. 4) The lens. 5) The cornea. 6) The air in
front of the eye. 7) The R-membrane. For the solution, half of the plane through the
eye and surrounding region was utilized. More detail of the model and its solution are
given by Doslak and Plonsey [Doslak 1978, Doslak and Plonsey 1980]. The retina was
depicted as a bioelectric source consisting of an axially symmetric double layer,
covering a little more then a hemisphere and having spatially constant strength. The
double layer (or dipole) representation was assumed as radially oriented source-sink
or dipole layer retinal activity for most of the major components of the ERG signal.

Using the model and its solution Doslak and Plonsey have shown that variations in the
conductivities of the sclera and R-membrane could produce changes in the corneal
potential of up to 25 percent. The model demonstrated no changes in the ERG
magnitude, when the lens was removed.

o i ——.

T

Axisof T
symmetry = L

X Double layer
“URR & RC)

e

FIGURE 5.3 The two-dimensional model depicting the ERG source and volume
conductor inhomogeneties. The retina and R-membrane impedance are represented
together by double layer and RR and RC respectively [Doslak and Plonsey 1980].
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In Figure 5.3 o; is the conductivity of the aqueous and vitreous body, o,; sclera, o3;
extra-ocular region, o4; lens, os; cornea, o4; air in front of the eye. The R-membrane
was modeled as distributed resistivity and capacitance in parallel. With this model
they have demonstrated that the spatial resolution is linked intimately to the amount
of information one can extract from the cornea, in particular, to the number of
potentials measurable over the eye surface.

5.4 A retinal double layer and analytic solution

In the model by Davey et al. the eye is separated into three regions [Davey et al.
1988]. Surface S;, represents the R membrane; the double layer potential jump across
the surface. The surface Sy; represents the cornea-air/sclera-air interface (Figure 5.4).
A finite difference model of the eye was formulated paralleling the work of Plonsey
[Plonsey 1984; Doslak and Plonsey 1980]. In their field theoretic approach to predict
the distributed retinal source activity they have used integral field theory. Also using
some simplifying assumptions as to the constitution of the intra- and extra-ocular
region, a prediction of retinal activity commensurate with a corneal potential scan
was realized through a matrix inversion [Davey et al. 1988].

Extraocular Region 2
Conductivity oy

ﬁ-uJuwans,z
w"‘"""'ﬂ-.
Mo Mormal current / 842

on 523 { Conductivity G, 1
Region 1
ﬁ
Front of the Eye
Region 3
Air: ga o

FIGURE 5.4 Configuration of the eye separated into three regions. Normal’s are
outward to the vitreous and extra-ocular regions [Davey et al. 1988].
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