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The principal tasks of the clinical electroencephalographer are to recognize particu-
lar waveforms of diagnostic significance, such as, for instance, spikes, sharp waves,
delta waves, and to identify the likely location of their generators within the brain. The
first of these, which is one of pattern recognition, is relatively easy to learn, but the
second is difficult and requires an adequate understanding of some basic principles of
physics and electrophysiology. Potential differences, in the brain as elsewhere, reflect
the segregation of electrical charges at certain locations within a three-dimensional
body. Although, generally speaking, the potential measured at some distance from an
electrical charge decays with increasing distance according to a parabolic function, the
situation is not as simple as one might infer from this. Thus, itis not necessarily true that
the potential (or the potential difference between two electrodes) generated by a neu-
ronal source is greater, the closer the measuring electrodes are to this source. The lack
of a simple relationship between the size of a potential measured at a given point and the
distance of this point from the generator derives from the fact that the generators of the
EEG are not simple point-like charge accumulations, but have dipolar configurations
(Bishop, 1949; Brazier, 1949; Li et al., 19564, b; Spencer and Brookhart, 1961a,b;
Creutzfeldt and Houchin, 1974; Kostopoulos et al., 1982; Gloor, 1983). More import-
antly, they are not even simple dipoles, but dipole layers that are convoluted (Bishop,
1949: Gloor et al., 1963; Calvet et al., 1964; Fourment et al., 1965; Vaughan, 1969,
1974, 1982; Gloor, 1975; Ball et al., 1977a,b; Klee and Rall, 1977). Their particular
geometry and orientation with regard to the exploring electrodes are crucial determi-
nants of the potential distribution within or at the surface of the three-dimensional body
containing the generator (Gloor et al., 1963; Calvet et al., 1964; Jami et al., 1968;
Vaughan, 1969, 1974; Gloor, 1975; Klee and Rall, 1977). In the daily practice of
reading EEGs, often little attention is paid to these factors, and superficial conclusions
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are frequently drawn from EEG records, based on the erroneous notion that the elec-
trode or the pair of electrodes at which the largest potential is recorded is closest to the
area of brain containing the generator of that potential. This concept is often uncritical-
ly and indiscriminately applied to the reading of both monopolar (referential) record-
ings in which there is some, but only partial, justification for this notion, and to bipolar
recordings in which this concept is patently incorrect. In order to avoid such erroneous
conclusions, the interpreter must possess some understanding of volume conductor
principles. He must know how electrical fields on the scalp (or within the brain) result
from cortical activity and how, starting from data provided by a traditional multichan-
nel EEG recording, one may mentally construct an appropriate configuration and
localization of the cerebral generator of the recorded potential.

There are a number of rigorous ways of treating the problem of volume conduction,
and the mathematics involved can be quite difficult. A thorough review of this subject
has recently been published by Nunez (1981) and is an excellent source of information
for anyone who wishes to penetrate more deeply into the quantitative aspects of the
biophysics of EEG. A briefer mathematical treatment is given by Lopes da Silva and
van Rotterdam (1982). The approach used in this review is based on applying the solid
angle theorem of volume conductor theory (Woodbury, 1960) to EEG, a concept that
is implicitly present, although not explicitly stated, in the treatment given this subject by
Nunez (1981). There are distinct advantages to applying the solid angle concept to
cortical electrophysiology and EEG (Glooretal., 1963; Calvetetal., 1964; Jamietal.,
1968; Vaughan, 1974; Gloor, 1975), for it provides a conceptual framework that makes
it possible to visualize cortical generators of EEG signals and the fields they produce
three-dimensionally, without having to resort to complex mathematics.

The remainder of this review is divided into three main sections. Some readers may
find it easier to initially skip the second selection entitled ““The Solid Angle Concept
Applied to Volume Conductor Theory” and read the third section first in which this
concept is applied to clinical EEG. Itis hoped that those who have elected to proceedin
this fashion will be tempted to return to the second section, since it provides the neuro-
physiological and biophysical basis for the principles of localization in EEG presented
in the third section.

THE GENERATORS OF THE EEG

The Cortical Pyramidal Neuron as the Principal Unitary Generator
of EEG Waves

It is now generally accepted that the principal generators of the EEG are cortical
neurons, more particularly pyramidal neurons (Bishop, 1949; Creutzfeldt and Houchin,
1974; Ball et al., 1977a,b; Gloor, 1983). A good starting point for gaining a better un-
derstanding of how these neuronal generators produce the signals recorded in the scalp
EEG, therefore, is to determine the extracellular electrophysiological consequences of
the synaptic excitation of a single cortical pyramidal neuron in response to an afferent
(e.g., thalamocortical) volley that generates excitatory postsynaptic potentials (EPSPs)
at multiple synaptic contacts located, e.g., on the apical dentritic tree of such a neuron
(Fig. 1). The consequence of such an excitation is a depolarization of the apical den-
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FIG. 1. Electrical field conforming to that of a dipole created by the synaptic excitation of a single cortical
pyramidal neuron. It is assimed that the neuron has been excited by a set of excitatory synapses located on
the apical dendrites. (Some thalamocortical afferents would produge such a response.) Because of the de-
polarization of the apical dendritic membrane, this segment of the neuron becomes extracellularly electro-
negative with respect to the soma and basal dendrites, which become electropositive. This causes current to
flow through the extracellular medium as indicated by the solid lines with arrows. The potential distribution
within the volume conductor corresponding to this current flow is portrayed by the isopotential surfaces re-
presented as dashed lines. Each isopotential surface represents the geometric locus of all points that are at
the same potential. The isopotential surfaces intersect the current paths at right angles (the drawing does not
represent this in an entirely accurate way). The isopotential surfaces are drawn at levels separated from
each other by potential differences of equal magnitude (arbitrarily assumed to be 100 uV in the drawing).
Note that the potential difference measured between points A and B, which are relatively remote from the
excited cell, would measure 500 uV, while no potential difference would be measured between Dand C,
even though they are much closer to the excited neuron.

dritic membrane, which becomes extracellularly electronegative with respect to the cell
soma and the basal dendrites. This potential difference causes a current to flow through
the volume conductor between a “source” represented by the nonexcited membrane of
the soma and basal dendrites and the “sink’" located at the level of the apical dendritic
membrane sustaining the EPSPs. Some of this current takes the shortest route between
the nonexcited and the excited segment of the membrane, but current also flows through
more distant parts of the volume conductor, with current paths taking increasingly more
remote, curving routes as shown in Fig. 1 by the solid lines with arrows. Even though
current density rapidly drops off with increasing distance from its source, some current,
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at least theoretically, flows even through the most distant part of the volume conductor.
The electromotive force driving the currentin the example pictured in Fig. 1 is the rest-
ing membrane potential of the unexcited segment of the neuron, i.e., the soma and basal
dendrites. The extracellular current depicted in Fig. 1, however, is only part of the total
current loop, which also has an intracellular component flowing along the long axis of
the neuron, essentially within the dendritic trunk. This intracellular path carries the
highest density current, since its magnitude is equal to the total, but much more dis-
persed extracellular current. The new technique of magnetoencephalography (MEG)
(Cohen, 1972; Cuffin and Cohen, 1979; Barth et al., 1982; Cohen and Cuffin, 1983)
makes use of the fact that intracellular currents are densest in these segments of cortical
pyramidal neurons, which are orthogonaily oriented to the cortical surface (Cuffin and
Cohen, 1977). )

If we make the assumption that the resistivity of cerebral tissue is homogeneous
(which is not strictly true'), it is easy, from the pattern of extracellular current flow de-
picted in Fig. 1, to construct the corresponding pattern of potential distribution within
the volume conductor. The lines of current flow are intersected at right angles by lines
representing surfaces on which the potential is the same everywhere. These are called
isopotential surfaces shown as dashed lines in Fig. 1. The convention, followed in this
figure, is to draw lines representing isopotential surfaces at locations that are separated
by distances corresponding to voltage differences of equal magnitude (100 uV in Fig.
1). Thus, the electrical field around a single excited pyramidal neuron as portrayed in
Fig. 1 assumes the well-known configuration of that of a dipole. The zero isopotential
surface is located halfway between the positive and negative poles (represented in this
instance by the accumulation of positive charges at the physiologically quiescent so-
matic and basal segment of the pyramidal neuronal membrane, and of negative charges
at its excited apical dendritic segment). The zero-isopotential surface is the only one
that is flat; all the others are curved and form a system of eccentric ellipsoid surfaces,
each located within the space enclosed by the next lower isopotential surface. As is
evident from Fig. 1, isopotential surfaces are much closer to each other across the
shortest distance that separates the positive from the negative charges than in the re-
gions beyond the two “«ends” of the dipole. Between the two poles of the dipole the
potential thus changes very rapidly with distance, whereas elsewhere in the volume
conductor the potential gradient is much less steep. v

In speaking of an excited pyramidal neuronas a “dipole,” one must bear in mind that
this is a metaphor. The neurophysiologist’s “dipole” is not identical with that of the
physicist. Aneuronis much too complex a structure, when one takes into consideration
the distribution of electrical charges within and on the surface of the cell, that it could
never be equated with the simple physical concept of a dipole. Even though the dipole
model of cortical electrogenesis has been of enormous heuristic value in neurophysiol-

IThe cerebral cortex has a resistivity of less than half that of white matter (Nunez, 1981). Although thisto

_ some extent affects the configuration of the electrical fields within the brain, it has little effect on the extra-

cranial EEG.

[t is important to keep in mind that the field depicted in Fig. 1, as all other fields shown in subsequent fig-
ures of this paper, portray the potential distribution prevailing ac an instant of time: e.g., inthe case of Fig. 1,
this may be the moment when the potential resulting from the summed EPSPs generated on the apical den-
dritic tree of the pyramidal neuron reaches its peak, or, in the case of the fields illustrated in Figs. S-11.the

instant of time may be the peak of an EEG wave. In real time, such fields are continuously changing.
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ogy, there are limits to its usefulness. The electrical field created by the excitation ofa
neuron structured.like a pyramidal cell can easily be modeled to conform to that of a
dipole, because one single long axis dominates the neuronal morphology, and synaptic
contacts of different systems are segregated in such a manner that membrane potential
changes tend to occur at or toward either end of this elongated neuronal element, de-
pending on which class of synaptic inputs is being activated. The dipole concept, how-
ever, is not easily adaptable to multipolar neurons of the type found in the thalamus, the
brainstem nuclei, and the anterior horn of the spinal cord (Lorente de N6, 1947; Rall,
1962; Klee and Rall, 1977).

Some Fundamental Principles of Volume Conductor Theory Derived
from the Dipole Concept of Cortical Electrogenesis

Representing the dipole field of an excited single pyramidal neuron as shownin Fig. 1
is didactically useful, for it illuminates some fundamental principles of volume conduc-
tor theory. The first of these is that when a potential difference is set up within a volume
conductor, currents flow throughout its entire extent. No part of it remains unaffected.
Currents are thus not restricted to the immediate neighborhood of the generator, such
as, for instance, the pyramidal neuron of Fig. 1, although they are densest there. This
should come as no surprise to an electroencephalographer who has ever reflected on
why an electrocardiogram “artifact” can appear in ascalp EEG recording. Obviously,
currents generated by the cardiac dipole in the chest flow through the head at a con-
siderable distance from the location of the generator and can set up measurable poten-
tial differences there. .

Another principle is that a potential difference recorded between two electrodes
within a volume conductor depends more on their orientation with regard to the con-
figuration and orientation of the electrical field within it than on the proximity of the
electrodes to the generator. Thus, a fairly large potential would be recorded between
electrodes placed at points A and B in Fig. 1 (500 uV in the hypothetical case depicted
there), even though they are quite remote from the generator, whereas no potential
would be recorded between electrodes located at C and D, even though these points are

 very close to the generator. This is because both C and D lie on the same isopotential
surface, whereas A and B are located at isopotential surfaces that are 500 uV “apart.”
Again, such a situation ought to be familiar to an electroencephalographer: often in
bipolar recordings an anterior temporal spike discharge, for example, may fail to appear
in the electrode linkage F7-T3 of the 10-20 electrode system or may only be recorded
‘there with a much smaller amplitude than in adjacent channels, even though these two
scalp electrodes are closest to the generator of the spike, the anterior temporal cortex.

THE SOLID ANGLE CONCEPT APPLIED TO VOLUME
CONDUCTOR THEORY

Basic Principles

To understand how electrical potentials that are recordable on the scalp can be gen-
grated by populations of pyramidal neurons of the type depicted in Fig. 1, it is useful to
introduce the solid angle concept of volume conductor theory. Accordingto Woodbury
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FIG. 2. Schematic representation of the solid angle
principle of volume construction: in an infinite homo-
geneous medium the potential measured at point P~ is
proportionat to the solid angle 0~ subtended at P~ by
the negative, or at point P* to the solid angle Q* sub-
tended at P* by the positive surface of the disk-shaped
dipole layer. At all points facing the negative side of
the dipole layer, the sign of the potential is negative,
and at all points facing its positive side, it is positive.

(1960), the potential P generated by a dipole layer in a volume conductor measured at
any point within this conductor is proportional to the solid angle subtended by the di-
pole layer at the point of measurement (Fig. 2). This relationship can be expressed by
the formula: .

p=_Te
a1l

where P s the potential measured at a given point in the volume conductor, e is the po-
tential across the dipole layer, and, Q is the solid angle subtended by the dipole layer
at point P. The relationship expressed in this formula applies to an ideal monopolar
(referential) recording in which the reference electrode is unaffected by the potential
across the dipole layer (for practical purposes a reference electrode at a large distance
from that layer will sufficiently approximate this ideal situation). The solid angle con-
cept is useful, because it is easily grasped intuitively. The visual angle under which we
see objects is a familiar example of a solid angle. We are all aware that the apparentsize
of an object, .g., that of a table top, depends both on the distance of the object and on
the angle under which it is seen. The same applies to a potential generated by a dipole
layer and measured by an exploring electrode. The measured potential is independent
of the detailed geometric configuration of the dipole layer, but only depends on its
“apparent size’ when ““seen” by an electrode from a particular vantage point. Figure 2
also shows that the electrical sign of the potential measured at any point around the
dipole layer depends on the electrical sign at the surface of the dipole layer facing the
measuring electrode. Thus, in Fig. 2, anegative potential (P~)is measured on the nega-
tive, and a positive one (P*) on the positive side of the dipole layer.

J. Clin. Neurophysiol., Vol. 2. No. 4, 1985
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Application of the Solid Angle Principle to a Single
Excitable Cell

Let us now apply this principle to potentials generated by a single excitable cell, such
as a neuron. We shall subsequently extend it to a neuronal population, such as the
pyramidal cells of the cerebral cortex. It is a truism that no potential is measured
around a quiescent excitable cell (neuron, nerve fiber, muscle fiber). A quiescent cell,
however, has a membrane potential of about 60 to 80 mV, the interior side of the mem-
brane being electronegative to its external surface. Such a charged membrane can be
regarded as a dipole layer made up of an almost infinite number of virtual dipoles ar-
ranged in parallel alongside each other. This situation, in terms of the solid angle theo-
rem, can formally be depicted as in Fig. 3A? taken from Woodbury (1960). Since the
quiescent cell has a membrane potential that at rest is equal over its entire surface, the
exploring electrode at P outside the cell effectively “‘looks’ at two dipole layers of op-
posite spatial orientation. The one facing the electrode corresponding to the portion of
the membrane proximal to the electrode presents its positive, the other on the reverse
side of the cell presents its negative side to it [(a)in Fig. 3A]. The potential across these
dipole layers is the membrane potential e,,. Since, as shown in (b) and (c) in Fig. 3A,
the solid angles subtended by these two dipole layers are identical and their surfaces
facing the exploring electrodes are of opposite electrical sign, the two solid angles
cancel by algebraic summation:

p=Temq+ L Tomg-
411 411

since +e,, and —e,,, and N* and 7, respectively, are of equal magnitude in this case.
[Intuitively, one can account for the absence of a measurable extracellular potential in
the situation of a quiescent cell having a sizable membrane potential by imagining the
currents that would be generated in a volume conductor by two oppositely oriented
dipole layers represented by the proximal and the distal portions of the cell membranes
depicted in Fig. 3A. Each of these, as shown schematically in (b) and (c) in Fig. 3A by
the dashed lines with arrows, would induce currents of equal intensity to flow in opposite
directions through the surrounding volume conductor. These currents would therefore
cancel each other and thus there would be no measurable potential in the extracellular
medium. It is also evident in (a) of Fig. 3A why, immediately upon penetration of a
quiescent cell by a microelectrode, a very large potential is measured, since, once in-
side the cell, the electrode *‘sees’” only the negative side of the dipole layer of the cell
membrane. Since the latter surrounds the electrode on all sides, the solid angle reaches
its maximum possible value analogous to 360° of a plane angle.]

Let us now follow Woodbury's (1960) reasoning and apply these principles to an
excited cell (Fig. 3B). In such a cell, one segment of the membrane has undergone a
potential change in the course of the generation of either a synaptic or an action poten-
tial. In the example shown here, it is assumed that the cell sustains an action potential.
Since any action or synaptic potential never occupies at a given time the whole extent of

3 s . . -
_ “Note that in this and all subsequent figures solid angles are represented as plane angles in order to faci-
litate their diagrammatic representation.
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FIG. 3. Application of the solid angle principletoa single excitable cell. A: Axial section of a closed cylin-
drical cell. In (a), two oppositely polarized segments of the cell membrane with the same membrane poten-
tial e,, subtend the solid angle Q) at an electrode located a point P. At this point, the potential contributed by
the proximal membrane is (+e,,,/4ﬂ)0+. because this segment of the membrane faces P withiits positive side
(b), while the potential contributed by the distal membrane is (—e,/4[1)Q1 ", because this segment of the mem-
brane faces P with its negative side (c). Since the membrane potential is the same for the proximal and the
distal membranes, the resulting potential at P is zero [(+e,/4 ma* +(—e,/4MQ " =0)]. The proximal and
distal membranes, because they are electrically oriented in opposite directions, wouldproduce currents of
equal magnitude flowing in opposite directions through the extracellular medium and would therefore cancel
(dashed circular lines with arrows). B: Potential measured at P when the cell shown in A is excited. Theleft-
sided half of the cell is quiescent, and its right-sided halfis excited and is assumed to sustain an action potential;
hence, its membrane potential in that segment is reversed. The transition between the excited and quiescent
portion of the cell is assumed to be abrupt and step-like. The total solid angle in B(a) is subdivided into three
portions, £2,, £2,, and {13, by the lines PA and PB. The potential at P contributed by the segment of the cell
subtended at P by the solid angles £, and Q, is zero, since the proximal and distal membrane segments
“seen” under these angles are electrically oriented in opposite directions. However, (1, subtends a smail
segment of the proximal active membrane portion as well as an equally small segment of the distal inactive
membrane portion, both facing P with their negative sides (extracellular surface of the membrane of the ac-
tive proximal and intracellular surface of the inactive distal portion of the membrane). The potential record-
ed at P is therefore negative and proportional to £2,. This angle is also subtended by the cross-sectional area
AB shown in (b), which represents the boundary between the active and inactive segments of the cell. (Re-
produced with minor modifications from Woodbury, 1960.)

the membrane, we can distinguish between a quiescent segment of the cell membrane
{left half of the cell in (a) of Fig. 3B} and an active segment, in which, in the case of ex-
citation, the outside of the membrane has become electronegative [right half of the cell
depicted in (a) of Fig. 3B]. We now make the simplifying assumption that the transition
between the quiescent and the active part of the cell is abrupt, as show in Fig. 3B. This
assumption, although incorrect, represents a permissible approximation of the real
situation. As shown in(a)of Fig. 3B, anelectrode at P “views’ the excited cell under a
solid angle that can be divided into three portions: £y, {2, and ;. The angles Q, and
Q; are facing exclusively the “inactive” or the “active’” segment of the cell membrane,
respectively. Both £, and Q; are subtended simultaneously by a proximal and a distal
segment of the cell membrane with opposite orientation of the dipole layer, and thus the
negative and positive components of Q; and ;3 cancel each other. Consequently,
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these two segments of the membrane contribute nothing to the potential measured at P.
Portion §2,, however, is subtended by a segment of the active region of the proximal
membrane and by a segment of the inactive region of the distal membrane. These two
segments are dipole layers having the same spatial orientation: both face the exploring
electrode at P with their negative side and subtend the angle ;. The potential at P
will therefore be negative and proportional to Q,. Itis demonstrated in (a) of Fig. 3B
that the straight line separating the inactive from the active region of the cell also sub-
tends the same angle 2, at P. Thus, if we picture the situation three-dimensionally as
shown in (b) of Fig. 3B, the potential at Pis proportional to the solid angle subtended by
the cross-section of the cell at the level representing the boundary between its active and
inactive regions.

If we now apply this concept to the cortical pyramidal neuron depicted in Fig. 1, we
can, as shown in Fig. 4A, predict that any potential recorded at any point P in the
volume conductor in which this neuron is embedded will be proportional to the solid
angle AQ subtended at P by the cross-sectional area of the pyramidal neuron that re-
presents the boundary between the inactive and active segments of the cell (Glooretal.,
1963). Schematically, we can represent an excited pyramidal neuron of the type
shown in Fig. 1 by the simple line diagram shown in Fig. 4B. We again make the as-
sumption that the transition from the excited to the unexcited segment of the cell is
sharp and step-like, as depicted in the diagram by the horizontal segment of the line,
which at P subtends the plane angle AQ'. The potential at P will be proportional to this
angle.

Application to Populations of Cortical Pyramidal Neurons

At this point, it becomes useful to consider some additional features of cortical mi-
croanatomy and electrophysiology. The first is that cortical pyramidal neurons are
arranged in parallel alongside each other, each with their apical dendrites oriented at
right angles to the cortical surface and their axonal poles facing toward the subcortical
white matter. The second is synchronization of pyramidal cell activity. This is the
inevitable consequence of the anatomical fact that each afferent fiber reaching the
cortex, .g., a single thalamocortical axon profusely ramifies as it enters the cortex and
probably contacts several thousand cortical neurons (Sholl, 1956; Landry and Des-
chénes, 1981; Landry etal., 1982). Thus, even the discharge of a single action potential
by a single thalamic neuron would simultaneously induce in all of the cortical cells re-
ceiving these terminals the same postsynaptic response consisting of EPSPs, which
involve the same dendritic segment of each excited cortical neuron. Thus, a whole
population of pyramidal neurons localized to a small circumscribed area of cerebral
cortex would become excited simultaneously by a single action potential emitted by a
single thalamic neuron, all of these neurons creating simultaneously virtually identical
dipolar electric fields with the same orientation. In reality, this population of excited
neurons is even larger, because many thalamic neurons within a thalamic nucleus pro-
jecting to a given area of cortex, discharge synchronously by virtue of an intrathalamic
synchronizing mechanism, which is operative at least under some physiological condi-
tions such as, for example, spindles, and by inference alpha rhythm (Andersen and
Andersson, 1968). The consequence of this, therefore, is that in response to a single
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FIG. 4. Application of the solid angle principle as diagrammed in Fig. 3 to a pyramidal neuron (A and B)
and a population of cortical pyramidal neurons (C). A: Schematic drawing of a synaptically excited cortical
pyramidal neuron of the type shown in Fig. 1. The potential at any point P in the surrounding volume conduc-
tor is proportional to the solid angle AQ subtended by the cross-sectional area of the neuron separating the
excited from the unexcited segment of the cell. As in Fig. 3B, the transition between these two segments is
assumed to be abrupt and step-like. At all locations above the zero isopotential surface (dashed line 0) the
potential is negative, below it positive. B: Diagrammatic representation of the situation depicted in A: the
step-like solid line schematically diagrams the extracellular potential profile produced by the single excited
pyramidal neuron shownin A. Negativity is plotted to the left and positivity to the right of the vertical dashed
line 0. The horizontal segment of the solid line represents the cross-sectional area of the neuron at the transi-
tion between its excited and its unexcited segment. It is subtended at P by the angle AfY', whichis the plane
angle homologue of the solid angle Af shown in A. C: This diagram shows how the individual small solid
angles of each excited cortical pyramidal neuron within a population of simultaneously excited neurons of
this type stacked alongside each other within the cortex sum to form a much larger solid angle. Each indivi-
dual pyramidal neuron is represented diagrammatically as in B. Potentials measured in the surrounding
medium at P~ and P* are proportional to the sum TAQ™ of all individual solid angles AQT + Aﬂ’z' +
AQY +...... A=’ subtended by individual simultaneously excited pyramidai neurons of which four are re-

presented in the figure. The polarity at P~ is negative and at P* positive. (Based on Gloor et al., 1963.)

synchronized afferent thalamocortical volley thousands of pyramidal neurons stacked
alongside each other within a given cortical area of macroscopic extent simultaneously
go through a cycle of excitation during which all their apical dendrites simultaneously
become electronegative with regard to their somata lying in deeper cortical layers.
These are the features that make the application of the solid angle concept to volume
conductor theory in EEG useful, for if a whole population of pyramidal neurons are
simultaneously excited in the manner depicted in Fig. 1, then, by applying the model
diagrammatically represented in Figs. 4A and B, the situation resulting from this can
schematically be depicted as in Fig. 4C: the potential generated by such a synchron-
ously active population of pyramidal neurons when recorded at point P~ in the sur-
rounding volume conductor represents the sum ZAQ ™ of all the individual small solid
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angles AQ7 + AQY + AQT + ... AL, subtended at that point by each cross-
sectional area forming the boundaries between the active and inactive segments of each
ofthe excited pyramidal neurons arranged in parallel to each other as diagrammatically
represented in this figure (Gloor et al., 1963). The sum TAQ ™' of all the individual small
angles becomes a large angle subtended by a large cortical area that is likely to be of
macroscopic extent and can be regarded as a macroscopic dipole layer. Near such an
area of cortex (Fig. 4C), a negative potential will be recorded at P~, since this point
faces the negative side of the cortical dipole layer, and a positive potential will be re-
corded at P*. From observations made by Abraham and Ajmone-Marsan (1958) and
Cooper et al. (1962), it appears likely that synchronized activity of pyramidal neurons
must involve areas of macroscopic extent in order to yield a potential that can be re-
cordedinthe scalp EEG. Cooperetal. (1965) estimated that such an area must at least
measure 6 cm?-

Some Features of the EEG Explained by the
Solid Angle Principle

From these considerations, a few at first glance paradoxical facts pertaining to EEG
become easily explainable. First, there is the obvious paradox that the largest poten-
tials generated by neurons, namely action potentials, which exceed synaptic potentials
by almost one order of magnitude, are not recorded in the EEG, whereas the much
smaller synaptic potentials summate to form EEG waves. The explanation for this
paradox is quite simple. It is based on the fact that in order to summate to form a large
solid angle, the individual solid angles contributed by individual neuronal elements
must coexist in time. This imposes a stricter requirement for synchronization on short
than on longer-lasting potentials. The duration of action potentials is very brief, on the
order of about 1 ms, much briefer than that of synaptic potentials, which are at least 10
to 30 times longer in duration. An individual action potential is “viewed” by an elec-
trode under a very small solid angle, the one subtended by the cross-section of an axon
or of aneuronal soma. Obviously, only a microelectrode exceedingly close to the active
neuron or fiber is able to “see” this cross-sectional area at a large enough solid angle to
make the action potential recordable. But why do the individual small solid angles
generated by synchronized action potentials generated, for example, by neighboring
axons in a fiber tract not summate as do the synaptic potentials of pyramidal neurons as
depicted in Fig. 4C? Surely, if the latter are the result of synchronized thalamocortical
volleys, the action potentials constituting these volleys should be equally synchronized
and hence should summate to form a large solid angle as they approach the cortex. This
would indeed be the case, if these action potentials were perfectly synchronized down to
a fraction of 1 ms and thus would coincide or largely overlap in time. Such a stringent
requirement for near-perfect synchronization, however, does not apply to synaptic
potentials that last for 10 to 30 ms ormore. In their case, a lack of perfect synchroniza-
tion of their generators in the millisecond range could still allow them to overlap in time
for most of their duration, leading to a time-coherent potential change over an area large
enough to be subtended by a large solid angle. Because of the very short duration of
action potentials, however, even a slight asynchrony, e.g., a minimal difference in their
timing in the millisecond range, would make it impossible for the individual solid angles
of each action potential to coexist or significantly overlap in time. Hence, at no time
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could there be an effective summation of the individual solid angles subtended by indi-
vidual action potentials over a sufficiently large area to form a large macroscopic solid
angle of the kind depicted in Fig. 4C, since the summation of AQ; + AQ, + AQ;......
+ AQ, to form ZAQ depends on the simultaneity of AQ,——>AQ,.

The same general principle explains why in the EEG an inverse relationship gener-
ally exists between frequency and amplitude. Lhe largest potentials recorded in the
EEG are the slowest delta waves, whereas beta waves are always very small in ampli-
tude, with alpha waves being of intermediate size. A delta wave may last for about
% s (500 ms). Its neuronal generators most likely are also pyramidal neurons (Ball et
al., 1977a). We may thus assume that when producing delta waves such neurons

generate membrane potential changes of a duration of about 500 ms. Even if such
individual neuronal delta wave generators within a relatively large cortical area were
out of step with each other, even by as much as about, say 50 ms, there would still re-
main a period of 400 ms during which the membrane potential changes produced by the
individual neuronal generators of delta waves within a relatively large area of cortex
coincide in time. Thus, during this time span the individual microscopic solid angles

contributed by each neuronal generator within this area could sum to produce a large,
macroscopic solid angle. Hence, a large potential would be recorded in the EEG. By

contrast, in the case of beta activity, if we assume that the same degree of asynchrony of

50 ms were to prevail among its individual generators distributed over a cortical area of

similar size, the possibility of summation of the potential contributions of individual
_generators would be limited, since 50 ms is already within the range of the duration of
individual beta waves. Since in general the degree of asynchrony should increase with

increasing distance of individual generators from each other, and since long duration
potentials will tolerate a larger degree of asynchrony before they cease to show a signi-
ficant degree of overlap in time, the possibility of summation of time-coherent potential
changes over a large area increases with decreasing frequency. Thus, the inverse rela-
tionship between frequency and amplitude of EEG waves becomes a predictable fea-
ture when the solid angle concept is applied to the biophysics of EEG.

Finally, the principles just enunciated also explain the lack of any clear-cut relation-
ship between the amplitude of a signal in the cerebral cortex and the amplitude of the
corresponding scalp EEG potential (Abraham and Ajmone-Marsan, 1958). Ratios of
cortical versus scalp EEG amplitude of corresponding signals may vary between 58:1
and 2:1. Obviously, according to the solid angle principle, the larger the area of cortex
sustaining synchronous activity, the smaller this ratio will be, thus making it possible for
even relatively small-amplitude cortical potentials to appear in the scalp EEG.

APPLICATION OF THE SOLID ANGLE CONCEPT
TO CLINICAL EEG

General Principles

The principles enunciated in the preceding section can be summarized as follows:
The synchronous activity of a population of cortical pyramidal neurons creates condi-
tions under which a cortical area of finite, but macroscopic, extent behaves like a dipole
layer similar to that depicted in Fig. 2, where the upper (pial) surface at one instant in
time is negative while the lower (white matter) surface is positive. According to the
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solid angle principle, the potential measured in a monopolar recording by an electrode
(e.g., P~ or P* in Fig. 2) at some distance from such a generator is not only proportional
to the potential across the dipole layer, but more importantly, is also proportional to the
solid angle 0 subtended by this layer at the site of the electrode (for the mathematical
expression of this relationship, see page 332). The visual angle being a familiar ex-
ample of a solid angle, one may thus conceive of an electrode as “seeing’ the dipole
layer under a certain angle. It is therefore the apparent and not the real size of the corti-
cal area acting as a dipole layer as “seen” by an electrode that determines the size of the
potential measured by that electrode in a monopolar recording. Electrodes facing the
negative side of such a dipole layer (P~ in Fig. 2) record negative potentials; those fac-
ing the positive side (P™ in Fig. 2) record positive potentials.

Generator Consisting of Flat Area of Cortex Oriented in Parallel
to the Scalp

The simplest situation that may be encountered in clinical EEG is that of agenerator
represented by a flat area of cortex oriented in parallel to the scalp surface as diagram-
matically shown in Fig. 54 which can be regarded as a view of the cross-section of the
dipole layer shown in Fig. 2. If, in the space surrounding the excited cortical area, one
plots the geometric location of all points at which this area of excited ccrtex is subtended
by an angle of a given, constant size, all these points, according to the solid angle theo-
rem, must be located on the same isoelectric surface of the electrical field. In Fig. S,
lines representing isoelectric surfaces were drawn, each representing the geometric
locus of points at which the area of cortex is subtended by an angle that differs by 15°
from that represented on the next line: such a 15° difference in angle was assumed to
represent a potential difference of 10 uV (for didactic purposes the solid angles are
expressed here by plane angle homologues). It is evident from this figure that the elec-
trical field created by such a dipole layer bears a striking similarity to that of a single
dipole shown in Fig. 1. However, the larger the tangential extent of the dipole layer
becomes, the more the shape of the dipole field becomes stretched out tangentially and
thus increasingly appears as if flattened from both its positive and negative sides.

Figure 6 incorporates the upper part of Fig. 5 and shows the potential profile that
would be measured by a string of electrodes arranged on the scalp along the straight line
labeled S. The numbers along this line indicate the potentials that would be measured in
an ideal monopolar (referential) recording at each point at which the corresponding
isopotential surfaces intersect the line representing the scalp. By referring to Fig. 5it
becomes evident that a —80 uV signal would be recorded where the scalp is intersected
by the isopotential surface representing the geometrical locus of all points at which the

*“In Fig. 5 and subsequent figures, the structure of the cerebral cortex has been simplified by assuming that
it is constituted by only a single layer of pyramidal neurons. This is obviously a gross oversimplification.
Such a scheme only applies to the archicortex of the hippocampus. However, since in the multilayered neo-
cortex pyramidal neurons are all oriented in paraliel, the fundamental principles that can be derived from a
single-layered cortex such as the hippocampus (Gloor et al., 1963) still apply at least to the spatiotemporal
average of cortical activity (Ball et al., 19774, ), which resembies that produced by an idealized single-lay-
ered cortex of the type schematically depicted in Fig. 5. However, the details of the “internal fields” within
the cortex are quite complex (Vaughan, 1974; Petsche et al., 1984), but these complexities are not much re-
flected in the *“external” fields, which are recorded at some distance from the generator and are the only ones
that are the subject of this review.
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FIG. 5. Electrical field created in the surrounding volume conductor by a flat portion of cerebral cortex con-
taining a population of syachronously active pyramidal neurons forming a dipole layer with the cortical sur-
face being electronegative. The diagram can be considered to represent a tangential view of the cross-section
of a disk of active cortex forming a dipole layer of the type shown in Fig. 2. The cortex is represented as if it
were constituted by only one layer of pyramidal neurons. The solid lines represent isopotential levels. On
each of these, any point subtends the cortical dipole layer with an angie of constant size. Eachof these lines
represents the geometric locus of points at which the area of active cortex is subtended by an angle that differs
by 15° from that represented on the next line. This 15° difference is assumed to represent a potential differ-
ence of 10 uV. The field created by such a dipole layer is similar to that of a single dipole, although it is
stretched out in the tangential direction.
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FIG. 6. Potential distributior: along a line S on the scalp created by the portion at cortex shown in Fig. 5,
which is assumed to be oriented in parallel to the surface of the scalp. The bell-shaped curve in the lower part
of the figure plots the potential distribution along S. This distribution resembles that produced by a dipole
oriented orthogonally with respect to the scaip surface: so-called “vertical dipole.” (Note that this diagram
does not take into account the distortion the field would normally undergo as a consequence of the electrical
inhomogeneities of the tissues existing in the real situation; see pages 348-349 in the text.)

generator is subtended by an angle of 120°. A signal of —20 uV would be measured at
points at which the scalp is intersected by the surface representing the 30° angles, and so
on. The resulting potential profile along line S on the scalp plotted on the graph below
the figure is a bell-shaped curve and shows that the largest potential would be recorded
by an electrode facing the midportion of the flat cortical generator oriented in parallel to
the scalp surface. However, the figure also shows that electrodes not directly overlying
the generator still pick up smaller potentials, e.g., —20 pV and —10 uv at the *30°”" and
“15°” isopotential-scalp intersections.
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| FIG. 7. Potential distribution along line S on
| the scalp created by the synchronous activation
| of a curved portion of cortex that occupies the
i crown of a gyrus and its two sides forming the

proximal walls of the two adjacent sulci. AtP1,
I the potential depends only on the solid angle
| 17, since at this point an electrode “sees™ only
| a portion of the negative side of the dipole layer.

At P2, an electrode ‘‘sees” the negative side of
l the portion of the dipole layer occupying the
] crown of the gyrus and the wall of the proximal
| sulcus under the angle 3; however, it also
“sees” under the smaller angle Q; the positive
side of the portion of the dipole layer located in
the wall of the distal sulcus. The potential at
P2 is therefore smaller than would be expected
if only Q7 were the angle determining the size
of the potential at P2 and is proportional to the
effective solid angle Q,, which equals the dif-
ference between 2 and Q;' the polarity being
negative, since £ > 0%, As is the case fora
flat area of cortex oriented in parallel to the
scalp the potential profile is bell-shaped. (Tak-
en in part from Gloor, 1975.)

Convoluted Generators

Fields created by flat cortical generators oriented in parallel to the surface of the scalp
are probably the exception rather than the rule among those encountered in EEG. The
cerebral cortex is a highly convoluted structure containing, strictly speaking, no flat
surfaces at all. We therefore must consider how the convoluted pattern of the brain
affects the electrical fields created on the scalp by generators occupying the curved sur-
faces of the gyri and sulci of the cerebral cortex. If a generator of synchronized activity
occupies only the crown of a gyrus on the convexity of the brain, the field is essentially
that shown in Fig. 6. Such a patch of cortex, for practical purposes, can be considered
to be flat and oriented in parallel to the scalp surface.

If, however, the generator surface on the crown of such a gyrus extends into the proxi-
mal walls of the sulci flanking it on each side, the situation portrayedin Fig. 7 arises. On
the scalp, at electrode P1 located over the crown of the gyrus, the solid angle 27 sub-
tended by the curved generator surface is relatively small in comparison to the total size
of the generator surface, since the electrode only “sees’ the negative side of the portion
of the generator that occupies the crown of the gyrus. Itdoes not “see” those portions of
the generator that form the proximal walls of the two sulci flanking the gyrus, because it
*looks” at them “edge-on,” i.e., at P1 the walls of the sulci subtend a solid angle mea-
suring for practical purposes zero. The potential at P1 is thus proportional to the size of
Q7 and is negative in sign. The situation is different at electrode position P2. Here a
larger portion of the negative surface of the curved dipolar layer is “visible.” Both the
crown of the gyrus and its adjacent portion, which forms the wall of the sulcus proximal
to P2, are subtended at this point by the solid angle Q7. However, the potential at P2 is
not proportional to the size of 23, but considerably smaller. The reason for this is that
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the electrode also *sees” the positive side of the segment of the curved dipole layer that
lies in the wall of the sulcus distant to electrode P2. This segment is subtended at P2 by
the solid angle 2%. Since the two dipole layers subtended by the angle N3 and Q3
present to electrode P2 surfaces of opposite electrical sign, the resultant effective angle
at P2 is quite small and corresponds to the difference between these two angles (2, 7=
Q7 — O7), i.e., the contributions of the potentials generated by the two walls flanking
the gyrus to that measured at P2 partially cancel each other.’ The potential at P2 is nega-
tive since Q3 > N3. For an electrode placed on the left-hand side of P1 in Fig. 7, the
situation would be the same. Along a straight line S on the scalp, the potential profile
would be a bell-shaped curve as depicted at the top of Fig. 7. This is a similar profile to
that engendered by a flat cortical generator oriented in parallel to the scalp surface as
shown in Fig. 6, although that produced by a curved area of cortex as in Fig. 7 is nar-
rower at its “‘waist” than it would be if the generator did not extend into the neighboring
sulci. The curvature of a generator surface can thus markedly influence the potential
profile recorded on the scalp (Jami et al., 1968). If one were to increase the curvature of
the gyrus depicted in Fig. 7 in such a way that the two sulci would curve further inward
toward each other at their bottom, thus progressively narrowing the “stalk” of the
gyrus, then even the potential recorded at P1 would become increasingly smaller, as the
inner, positive sides of the sulci would also become “‘visible” from P1 and the angles
under which they are seen would have to be subtracted from 7. In the extreme hypo-
thetical case of total closure of the generator on itself, converting it from a “gyrus” to a
“sphere,” the surface monopolar potential anywhere outside this “sphere” would
vanish, while a “transcortical” recording would still measure the potential across the
dipole layer (Jami et al., 1968; Klee and Rall, 1977).

On the scalp along a line where the potential profile assumes the bell-shaped curve
shown in Figs. 6 and 7, only the magnitude of the potential changes with distance, but
not the electrical sign. Since the polarity anywhere on the scalp in such a situation is
either negative or positive, such fields resemble those that would be generated by a
single dipole oriented with its axis at a right angle to the scalp surface. Such fields are
therefore often referred to as those of a “vertical dipole.” This is a useful shorthand
term, but it must be remembered that the dipole creating such a field is a fiction and that
in reality the field is generated by a dipole layer, either of the type depicted in Fig. 6 or
that shown in Fig. 7. The configuration of most potential fields encountered in clinical
EEG conform to that of a “‘vertical dipole.” Figure 8 shows how in a monopolar (refer-
ential) and in a bipolar recording taken on the scalp with equally spaced electrodes
placed along line S of Fig. 6 or 7 the signals resulting from such a bell-shaped potential
distribution would appear in an EEG record. In a monopolar (referential) recording,

*Itis often not understood why only the solid angle subtended by the positive side of the distant wall of the
sulcus must be subtracted from 3 and not also that of the positive side of the proximal wall. This would
obviously be inadmissible, since the potential at a particular site is a function of the distance and orientation
of the dipole layer with regard to that site. A point on the negative side of a dipole layer can only be at a nega-
tive and not also simultaneously at a positive potential. One must also remember the principle depicted in (b)
and(c)of Fig. 3A, that currents induced by a given dipole layer at a particular point in the volume conductor
flow in one direction only. When two paralle] dipole layers that are electrically polarized in opposite direc-
tions are present, as is the case for the quiescent neuron depicted in Fig. 3A and for the two walls of the sulci
flanking a gyrus as shown in Fig. 7, the currents generated by the two oppositely polarized layers cancel, be-
cause each causes current to flow in a direction opposite to that induced by the other.

J. Clin. Neurophysiol., Vol. 2, No. 4. 1985
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F1G. 8. Monopolar (referential) and bipo-
lar recordings obtained by five electrodes
arranged in a straight line on the scalp along
which the potential profile is beil-shaped as
in Figs. 6 and 7. If the reference electrode
(REF) is at ““zero,” the amplitude of the
EEG signal in a monopolar recording (left-
hand column) at each electrode is propor-
1 - REF. j\ r tional to the ordinate at points 1 to 5 corres-
ponding to these electrode positions. In a
bipolar recording (right-hand column), the
EEG signals at each pair of electrodes are
2 - REF. proportional to the difference between the
2-3 \/’ two ordinate values at the points of the
curve corresponding to the two electrodes
% < PHASE forming the bipolar pair. In an unbroken
REVERSAL chain of bipolar recordings extending from
13-4 j\ electrode 1 to electrode 5, a phase reversal
appears between the two channels sharing
as the common electrode the one located
closest to the apex of the bell-shaped curve

4-5 (electrode 3 in the present example).
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the signals are all of the same polarity, and the amplitude of the signal at each electrode
is proportional to the height of the curve at each electrode position provided the refer-
ence potential is zero. If the electrodes are linked in a straight, unbroken bipolar chain,
the amplitude of the signal in each channel connected to a pair of neighboring electrodes
is proportional to the differences between the potentials appearing in a monopolar re-
cording at each of the electrodes of the bilpolar pair as shown in Fig. 8. (This value is
proportional to the difference between the two solid angles subtended by the cortical
generator surface at the two electrodes of the bipolar chain.) Furthermore, a phase
reversal appears between the two channels sharing as the common electrode that
located closest to the position corresponding to the peak of the bell-shaped curve (elec-
trode 3 in Fig. 8).

Generator Occupying the Wall of a Sulcus

The situation is different from that depicted above if the cortical generator occupies
one wall of a sulcus oriented orthogonally to the scalp surface. The potential field dis-
tribution on the scalp created by such a generator is as portrayed in Fig. 9. Electrodes
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P1 and P2 face the negative side of the generator surface that is oriented at a right angle
to the scalp surface. The negative surface of the generator is subtended by the solid
angles 27 and Q7 at P1 and P2, respectively, and the signals there are proportional to
the sizes of these angles and of negative polarity. Conversely, electrodes at P4 and P5
“‘see” the positive side of the generator, the corresponding solid angles being Q7 and Q%.
Potentials of positive sign and of a magnitude proportional to the sizes of these angles
will thus be recorded at these two electrode positions. Electrode P3 “looks” at the ver-
tically oriented generator surface “edge-on.” Its positive as well as its negative sides
subtend a solid angle that is virtually zero (2% = O) and thus no potential is recorded at
P3, in spite of the fact that this is the electrode closest to the generator.

The potential distribution on the scalp resulting from the situation shown in Fig. 9
resembles that which would be generated by a dipole with its axis oriented in parallelto
the scalp surface. Such a field is therefore often referred to as that of a “horizontal di-
pole.” Again, the fictional aspect of this terminology must be kept in mind. Along a
straight line on the scalp, such a “horizontal dipole” creates a potential profile as pre-
sented by the curve at the top of Fig. 9. It has two peaks, one negative, the other posi-
tive. Fields generated by ‘“‘horizontal dipoles” are less common in scalp EEG than
those generated by “vertical dipoles.” However, this may be in part more apparent
than real, for frequently the “horizontal dipolar” configuration of a field is overlooked
by the interpreter. If one were to record in a monopolar fashion from the electrodes P1
to PS5 in Fig. 9, the signals at P1 and P2 would be phase-reversed with respect to those
appearing at P4 and PS5, while no signal would be recorded at P3 (Fig. 9, lower part). In
an unbroken chain of bipolar recordings linking all electrodes between P1 and P5, two-
phase reversals of opposite orientation would appear, one at P2 and the other at P4,
whereas the largest signal would be recorded in the two channels linking electrode P2-
P3 and P3-P4, respectively (Fig. 9, lower part). Thus, the appearance of a single phase
reversal in a monopolar scalp EEG recording and of two phase reversals of opposite
electrical sign in a straight-lined unbroken bipolar scalp EEG recording are indicative of
a generator behaving as a “horizontal dipole,” which presumably is located within one
wall of a cortical sulcus. If a careful analysis of such a field configuration is not made,
the record may erroneously be interpreted as indicating the presence of two separate
generators, and the inferred localization of these generators would be incorrect, espe-
cially since the locations of the positive and negative maxima may be far apart from each
other and the amplitude in monopolar recordings will be lowest at the electrode closest
to the generator. In recordings along a straight line, the field configuration of a ‘“hori-
zontal dipole™ indicates that, in a bipolar recording, the generator is located halfway
between the two phase reversals or halfway between the two electrodes of a monopolar
(referential) chain between which the phase reversal occurs. That such a generator
most likely occupies the wall of a sulcus is demonstrated by the example taken from an
electrocorticogram shown in Fig. 10. In this bipolar recording, epileptiform spikes
display two phase reversals of opposite electrical sign at electrodes B and C, and indeed
a sulcus was found to run transversely across the first temporal convolution between
these two electrodes. It was assumed that the spikes were generated by cortex forming
one of the walls of this sulcus. Figure 11 shows an example of a “horizontal dipole”
field observed in a scalp EEG. The monopolar recording on the left shows a phase
reversal occurring between electrodes C3 and P3 (and also in the contralateral chain
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FIG. 9. Potentia! distribution along a line on the scalp created by the synchronous activation of an area of
cortex occupying one wall of a sulcus. Electrodes placed at points P1 and P2 “see’ only the negative side of
the dipole layer corresponding to the pial surface of the cortex of the wall of the sulcus that has been activated.
The potentials measured at P and P2 are negative and proportional to 07 and N7. Electrodes at P4 and P5
“see’' only the positive side of the dipole layer corresponding to the white matter surface of the sulcal cortex.
The potentials at P4 and P5 are positive and proportional to Q%and ﬂ;. An electrode strategically placed at
P3 would record no potential, since it *“looks ™ at the dipole layer “‘edge on.” the solid angle subtended at this
point being zero. As shown on the top of the figure. the potential distribution along a straight line on the scalp
would rise to a negative peak on the left of the generator, fall to zero just above the generator, reverse polarity
and then rise to a positive peak on its right side. As shown in the two columns in the lower part of the figure,
the potentials in a monopolar recording (left column) would be phase reversed between the left and the right of
P3. while two phase reversals of opposite electrical sign wouid appear in a bipolar recording consisting of an
unbroken chain of electrodes from P1 to P5 (right column), with a “negative” phase reversal appearing at P2
and a “*positive”’ one at P4. The field distribution on the scalp in this situation resembles that produced by a
single dipole oriented in parallel to the scalp surface: so-called “horizontal dipole.”

between C4 and P4). Maximum negativity was recorded at P3 and TS and maximum
positivity at F3. In the bipolar recording over the left hemisphere, there are two phase
reversals of opposite electrical sign: thatof positive polarity at F3 and that of negative
polarity at P3. The profiles of the potential along the chain of electrodes from Fplto Ol
computed from the monopolar and bipolar recordings are quite similar, considering the
fact that the two recordings were not obtained simultaneously. This potential profile is
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FIG. 10. Bipolar electrocorticogram recording taken from the temporal lobe in an epileptic patient shows
spike discharges with a surface distribution characteristic of a “horizontai dipole™ (double phase reversais of
opposite electrical sign). The potential profile plotted at the bottom of the figure suggests that the spikes are
generated by discharge originating in the wall of a sulcus located between electrodes B and C. On inspection
of the brain, a sulcus was found to run transversely across the first temporal convolution at the expected loca-
tion as shown in the brain diagram at the top.

very similar to that of Fig. 9 and conforms to that of a “‘horizontal dipole.”” The config-
uration of the field on the scalp shown in this figure suggests the presence of a vertically
oriented generator located in the cortex of the central fissure. Whether it occupies the
anterior or posterior wall of this fissure is impossible to deduce from this field configu-
ration. However, since surface-negative signals are more common in EEG than sur-
face-positive ones, one may conjecture that the generator is located on the anterior wall
of the central fissure.

If a generator were to occupy both walls of a sulcus, no signal would be recorded on
the scalp, because all electrodes on either side of the sulcus would simultaneously see
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FIG. 11. Samples from ascalp EEG show sharp waves (indicated by an arrow) with a potential distribution
characteristic of a ““horizontal dipole.”” A sample of monopolar recording using a cervical reference electrode
is shown on the left. and a sample of an anteroposterior bipolar recording is shown on the right. Phase re-
versals are indicated by black circles. In the lower part of the figure the potential profiles along the left superi-
or longitudinal electrode row as derived from the monopolar (solid line) and from the bipolar (dashed line)
recordings shown in this figure are plotted. They show maximum positivity at F3 and maximum negativity at
P3. The two potential profiles were not obtained concurrently. The electrical field on the scalp representing
this sharp wave is shown at the top center of the figure. It conforms to that of a “horizontal dipole™ and sug-
gests that the sharp wave was generated by cortex occupying one of the walls (probably the anterior one) of
the central fissure.

under an approximately identical solid angle the positive side of the dipole layer form-
ing one wall of the sulcus and the negative side of the dipole layer forming the other wall.
At an electrode immediately above the sulcus, the generator surface would subtend a
solid angle close to zero (Gloor, 1975; see Fig. 1C).

Influence of Electrical Inhomogeneities

Up to now we have assumed that the generators of EEG signals were located in an
electrically homogeneous medium of infinite extent. This s obviously incorrect. There
are a number of electrical inhomogeneities interposed between the cortical generators
and the electrodes on the scalp that affect the potential distribution on the scalp gener-
ated by intracranial sources (Rush and Driscoll, 1968; Vaughan, 1974; Nunez, 1981,
Lopes da Silva and van Rotterdam, 1982). The most obvious inhomogeneity is that
represented by the boundary between the scalp and the surrounding air, which is an
almost perfect dielectric. Obviously, currents generated by an intracranial source can-
not pass through the surrounding air and are therefore deflected from what their course
in a conducting medium would normally be. They are increasingly more deflected the
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closer they approach the boundary between scalp and air, and thus the current density
near this boundary line increases considerably. This leadstoa distortion of the electri-
cal field, which theoretically has the effect of increasing the potential differences mea-
sured on the scalp over what they would be if air were a conducting medium and thus
would steepen the slope of the bell-shaped curve shown in Figs. 6 and 7. The scalp-air
interface, however, is not the only boundary between media of different electrical prop-
erties. Others are the cerebrospinal fluid (CSF) covering the cortex witha conductivity
about four times that of underlying brain tissue, followed by the skull with a conductivi-
ty of about 1/80th that of brain, assuming a thickness of 0.75 cm, and finally the scalp
and subcutaneous tissues with a conductivity roughly comparable to that of brain (Nu-
nez, 1981). Surrounding a sphere containing a dipole with a shell of either higher (e.g.,
CSF) or of lower (e.g., skull) conductivity reduces the potential recorded from the outer
surface (scalp) (Geisler and Gerstein, 1961). The major inhomogeneity among the
tissues surrounding the brain is the skull. Because of its poor conductivity, it inhibits
current flow to the scalp. For a single vertically oriented dipole (not a dipole layer)
close to the scalp surface, it has been estimated that the potential at the scalp right
“above” the dipole would be reduced to one-seventh to one-eighth of the value to be
expected in a homogeneous medium, but, as one moves laterally from this position on
the scalp, the potential becomes larger than would be expected (Nunez, 1981). The
bell-shaped curve on the scalp would thus be flattened in its midportion and broadened
on its sides, the so-called ‘‘smearing” effect of skull and scalp (Geisier and Gerstein,
1961; Henderson et al., 1975; Nunez, 1981). It is much more difficult to make simple
predictions regarding the distortions of the field in the case of dipole layers as opposed to
single dipoles. Much depends on their size, configuration (degree of convolution), dis-
tance from the scalp, and orientation. It can be assumed, however, that the “smearing
effect”” of skull and scalp would be reduced for generators of the kind portrayed in Fig.
7, in which the generator surface extends from the crown of the gyrus into the proximal
walls of the adjacent sulci. The distortions introduced by these inhomogeneities can be
likened to the effect produced by curved mirrors: they do affect some quantitative
aspects but do not fundamentally alter the qualitative aspects of the picture. In any
rigorous quantitative study, these distortions, however, must be taken into account. A
detailed quantitative treatment of this problem is presented in Nunez’ monograph
(1981).

DISCUSSION

The approach to the analysis of volume conductor principles in EEG based on the
solid angle concept as presented in this review is a useful tool for weaning the electroen-
cephalographer from simplistic views of cortical electrogenesis that sometimes ignore
even the simplest fundamental principles of volume conductor theory. It allows one to
visualize the generators of EEG waves as dipole layers corresponding to segments of
the cerebral cortex that can be viewed quite realistically as conforming to the major and
familiar features of macroscopic brain anatomy. Modeling the sources of EEG poten-
tials as single point-like dipoles does not lead to such realistic concepts. Thereason why,
in spite of this, the single dipole model has remained attractive is that, based on first
principles of electrical field theory, it allows one to compute from the field configuration
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on the scalp the location of a hypothetical virtual single dipole in the brain that could
account for the recorded scalp potential (Brazier, 1949; Geisler and Gerstein, 1961;
Schneider, 1972; Smith et al., 1973; Henderson et al., 1975; Nunez, 1981). Suchcom-
putations, however, are bound to yield anatomicaily and physiologically erroneous re-
sults (Geisler and Gerstein, 1961; Jami et al., 1968; Henderson et al., 1975; Kell and
Rall, 1977). In one instance, for example, such computations derived from epileptic
discharges recorded in a scalp EEG have led to a presumptive localization of a single
dipole source in the region of the centrum semiovale (Schneider, 1972), which physio-
logically makes no sense. Generally, one can say that the larger the cortical generator,
the more the hypothetical current dipole assumed to be responsible for the field on the
scalp is displaced deep into the brain (Magnus, 1961; Schneider and Gerin, 1970;
Schneider, 1972; Henderson et al., 1975). The reason for this is that fields created by
dipole layers produce a tangential profile on the scalp, which resembles that created by
a hypothetical single dipole located deep within the brain substance (Brazier, 1949;
Geisler and Gerstein, 1961; Vaughan, 1974). The caveat against modeling EEG
generators as single dipoles applies not only to the traditional EEG but also to evoked
potentials (Vaughan, 1969) and to the MEG. Modeling the magnetic field based on
the assumption that the field corresponding to an identifiable signal recorded in the
MEG can be reduced to one generated by a single point-like current dipole is fraught
with difficulties similar to those inherent in modeling electrical fields based on this as-
sumption. The two methods, however, may be complementary in some respects, since
MEG is particularly adept at identifying “horizontal dipoles,” while EEG is better at
detecting “vertical dipoles” (Cohen and Cuffin, 1983).

The solid angle concept applied to EEG makes it virtually certain that all signals
recorded in the standard scalp EEG are generated in the cerebral cortex. Only this
structure has the anatomical and physiological organization capable of producing large
dipole layers, a prerequisite for making potentials recordable in a standard scalp EEG.
To produce a recordable EEG potential on the scalp, a dipole layer in the depth of the
brain, say, for example, in the thalamus, would have to occupy an enormously large
surface oriented in parallel to the scalp, which is obviously anatomically impossible, or
it would have to produce an enormously large potential across the dipole layer [about
10,000 uV, according to Nunez (1981)}, which is physiologically impossible. The fact
that thalamic neurons are not structured and arrayed like pyramidal neurons of the
cerebral cortex, but are multipolar, makes it a priori unlikely that thalamic activity,
even when synchronized, could produce ““open fields” similar to the type encountered
in the cortex (Lorente de N§, 1947; Rall, 1962; Vaughan, 1969, 1982; Klee and Rall,
1977). Any signals reflecting small “open field”” components of thalamic generators,
if at all present, would be so small that they would be masked by the much larger-ampli-
tude signals of cortical origin.

Computer averaging, however, can improve the signal-to-noise ratio sufficiently to
render signals recordable that normally are submerged in the ongoing EEG activity. The
widely used technique of sensory evoked potential recording is based on this principle.
The fact that a signal can only be extracted from the EEG by averaging indicates that
either the solid angle subtended by its generator at the site of recording is very small or
that the potential across a hypothetical large dipole layer acting as its generator is very
low. In the situation commonly encountered in evoked potential studies, it is the first of
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these factors that usually prevents the recording of the signal in the surface scalp EEG.
The solid angle in these cases is small, either because the generator in the cortical sen-
sory area occupies only a small area of cortex or because the generator is very remote
from the surface of the scalp (e.g., in the case of brainstem auditory or short latency
somatosensory evoked potentials). Such potentials not appearing in the unaveraged
EEG can more successfully be modeled by assuming that they are produced by asingle
dipole than signals recorded in the standard EEG, because in this special case a single
dipole represents a reasonably accurate approximation of the real situation, owing to
the smallness of the generator surface.

Some of the conditions encountered in intracerebral depth electrode recordings are
also better understood when viewed in the light of the solid angle concept (Gloor, 1984).
In contrast to recording conditions on the scalp, intracerebral electrodes can be in di-
rect contact with or in very close proximity to some generators, while remaining just as
remote as scalp electrodes are from others. Anintracerebral electrode in direct contact
with even a very small generator, especially if its surface is curved and presents its con-
cave side to the electrode, will ““see” this surface under a very large solid angle, much
larger than any that can be subtended on the scalp by any generator in the brain. More
distant generators that, however, are not necessarily very remote from the electrode are
subtended by solid angles of similar size to those encountered on the scalp. They thus
yield a much smaller potential that may be missed in intracerebral depth electrode
recordings, because the gains have to be considerably reduced to make it possible to
record in an undistorted fashion the activity of generators that, owing to their close
proximity to some electrodes, produce very large potentials. Itis not within the scope of
this review to go into this problem in more detail (see Gloor, 1984), but it is useful to
remind oneself that intracerebral recordings with depth electrodes suffer from some
degree of tunnel vision, although what they see through the tunnel is very distinct and
precise. !

A final important comment should be made. Modeling EEG generators as curved di-
pole layers corresponding to segments of the convoluted cerebral cortex, while concep-
tually attractive, highlights a major difficulty inherent in identifying the true location
and extent of neuronal generators of given EEG signals. By proceeding, as in this re-
view, namely by starting from an assumed anatomical generator, it is easy to predict
what configuration a field created by such a generator would have on the scalp and
hence to deduce theoretically how the corresponding electrical signal would appear in
either a monopolar (referential) or bipolar scalp EEG recording. As electroenceph-
alographers, however, we are called upon to perform the reverse task: starting from a
given scalp configuration, we are to infer the location and orientation of the cortical
generator. For theoretical reasons, this inverse problem is only soluble for single-cur-
rent dipoles and not for distributed sources, such as dipole layers (Gabor and Nelson,
1954; Schneider, 1972; Vaughan, 1969, 1974, 1982; Klee and Rall, 1977; Nunez,
1981). A given distribution of potential on the scalp can thus be engendered by more
than one hypothetical source. The number of alternatives, however, is not unlimited,
and if one takes into consideration some constraints imposed by brain anatomy and
physiology, some theoretically possible solutions can be eliminated as being incompat-
ible with anatomical and physiological facts even though some uncertainties may still
remain. Vaughan (1969, 1974) has shown that such an approach is very successful
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when applied to identifying the neuronal sources of evoked potentials. The main advan-
tage of the solid angle approach to volume conductor theory in EEG, however, is that it
provides a sufficiently realistic concept of cerebral electrogenesis, which makes it pos-
sible to take into account physiological and anatomical realities pertaining to the brain,
as well as the everyday realities encountered by the clinical electroencephalographer in
his reading of EEG records. EEG waves, when viewed in this perspective, no longer
remain somewhat disembodied signals about which only crudely empirical conclusions
can be reached concerning their relationship to brain structure and function.

CONCLUSIONS

The main generators of the potential changes constituting the EEG are cortical
pyramidal neurons. When activated synchronously within a cortical area of finite and
macroscopic extent they create dipole layers that are coextensive with the area of cor-
tex containing the synchronously active population of pyramidal neurons. By applying
the solid angle theorem of volume conductor theory, it can be shown how the dipole
fields of individual single pyramidal neurons within such a synchronously active popu-
lation summate to create the large macroscopic fields on the scalp, which can be detec-
ted by standard EEG recording techniques.

These large fields can be regarded as cortical dipole layers that, because of the con-
volutional pattern of the brain, may assume a variety of complex shapes. Ateach point
of measurement, the potential is proportional to the solid angle subtended by the corti-
caldipole layer as ““seen’ from an electrode at that point. This helps to understand how
the often intricate geometry of cortical dipole layers translates itseif into patterns of
potential distributions on the scalp surface.

Examples are presented of fields created on the scalp by cortical generators encom-
passing the crown of a gyrus, an entire gyrus including in addition to its crown the proxi-
mal walls of the two adjacent sulci, or one wall of a sulcus oriented orthogonally to the
scalp surface. The way such fields express themselves in monopolar (referential) and
bipolar scalp EEG recordings are illustrated.

The solid angle principle makes it possible to go beyond pure empiricism in EEG
localization and to relate with a fair approximation the pattern of distribution of electri-
cal signals recorded on the scalp to well-known underlying macroscopic anatomical
features of the brain. It therefore provides a rational basis for principles of localization
in clinical EEG.
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