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LOCALIZATION AND MAPPING

The word “electroencephalogram" {(EEG) comes
from Greek words meaning an electrical picture of the
brain. While interpreting an EEG, the electroenceph-
#lographer maintains a three-dimensional picture of
the brain/head in his or her mind. In principle, there
are an infinite number of different source configura-
tions within the head that may give rise to the same
rcalp distribution of an electrical event, Despite this
theoretical constraint, one of the key functions of the
ulcctroencephalographer is to conceptualize the gener-
ators in relationship to this vision, and to build an
mcreasingly clear mental image of the foci of these
renerators. Methods for localization and field determi-
11ation are tools to help the electroencephalographer
infer the location, strength, and orientation of gener-
Ator sources within the cortex, based on their manifes-
ton at 21 or more recording sites.

}-gcgllzation of epileptiform potentials from scalp
-EG s critically important to pinpoint the epileptic
focus and identify the region of brain pathology, '
Many elecroencephalographers have simply assumed
:j‘}‘:ﬂ the generator source must be close to the point
“_“@TC the maximum vqltage 15 recorded. Attempts to
Lo matize the localization of specific EEG activity date
l;“fk to the early years of electroencephalography. In
¢ md-1930s,” Adrian and Matthews,? as well as
;"j‘{h:an and Yamagiwa,* employed phase reversal tech-
Pltiv?csi 10 localize normal rh)_rthms, and Wa.lterl’“ em-
alm':r‘ Phase reversal techniques for locallzatnc_m of
" lq‘;}lc}l EEQ acuvity, used also by Gibbs and Gibbs®
e m their class;; atlas. More recently, there have
or tf varety of reviews outlining general principles
tiom, z:a.l?.—,.l..l,sﬁ l_“oi" polarity, montages, and localiza-

CTee e should be emphasized that phase
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reversals are not inherently an indicator of abnormal-
ity. Phase reversals occur as a result of both normal and
abnormal activity. Phase reversals are most obvious for
sharply contoured transient activity, and therefore
provide a dramatic visual clue in the case of epilepti-
form abnormalities.

Despite the critical importance of accuracy in local-
ization, there has been an absence in the literature of
descriptions of svstematic methods for accomnplishing
this localization.*# Most textbooks . emphasize the
distribution that would occur as a result of an assumed
generator {ie, the “forward” probiem). A practical
guide for the step-by-step identification of the origin of
epileptiform acuvity has been developed at the Cleve-
land Clinic Foundation (H. Liders, M.D., Ph.D,,
written communication, July 1980) and is covered in
some detail here. This review will concentrate prima-
rily on defining the electrophysiologic origin of epilep-
tiform activity seen on the scalp. The full extent of the
abnormal epileptogenic tissue and/or the volume of
brain tissue that must be resected for successful
epilepsy surgery is an even more complicated matter
and 1s covered elsewhere in this volume. '

PRACTICAL CONCEPTS OF ELECTRICAL
FIELDS APPLIED TO BRAIN GENERATORS

Sources

The electrical sources seen at the scalp arise from
intracranial focal dipoles or sheets of dipoles that
summate in a linear fashion. These dipoles represent
the postsynaptic potentials originating from vertically
oriented neurons, Specifically, superficial excitatory
postsynaptic potentials and deep inhibitory postsynap-
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212 PART Il—BASIC PRINCIPLES OF ELECTROENCEPHALOGRAPHY

tic potentials generate almost all spontaneous EEG
activity, particularly the epileptogenic abnormalities.
The surface potential can be thought of as a two-
dimensional projection or shadow of a complex three-
dimensional electrical object residing in the head.

Fundamental to scalp localization is the concept of
the “inverse” problem, which entails an estimate, based
on surface data, of the magnitude, location. and
distribution of electrical charges throughout the brain.
Whereas the forward problem is solvable with unique
solutions, the inverse problem is not.

The forward problem can be stated as follows: given
known charge distributions and volume conductor
geometries and properties, predict the resulting sur-
face potential distribution. The solution involves ap-
plying numerical or analytical methods, for any known
set of geometries and boundary conditions,**®* to solve
Poisson's equation:

Vi = —ple

where V2 is the second spatial gradiant operator, ¢ is
the scalar potential in volts, p is the free charge density,
and e is the permittivity of the mass of tissue. Multiple
sources can be shown to combine linearly, so that a
combination of sources results in the arithmetic sum of
the potential distributions that each would produce
individually.

The corresponding inverse problem can be stated as
follows: given a surface potential distribution and the
volume conductor geometries and properties, deter-
mine the underlying charge distribution. A surface
map can be produced by any of an infinite number of
possible source distributions; therefore, this problem
generally has no unique soluuon. Nevertheless, simpli-
fying assumptions are possible.

The current flow in the region of an epileptogenic
neuron can be represented as an equivalent current
dipole.7#34¢ A dipole model represents the pathway
of current flow, both intracellularly and extracellularly.
At the microscopic level, a neuron is pictured as
“activated” superficially where the current enters the
neuron; the current then travels to a deeper level
where it exits. Outside the neuron, the circuit is
completed by the current flowing through the extra-
cellular fiuid in the opposite direction. At the macro-
scopic level, the time and spatially averaged aggregates
of these extracellular current flows are measured as a
potential field. Because an epileptiform discharge s a
synchronous activation and firing of neurons in a
cortical laver, spikes detected at the surface can be
modeled adequately by a dipole layer extending over a
region representing the epileptogenic tssue.

For a dipole or dipole sheet to produce a measurable
potential, at least a portion of its moment must line up
with the vector defined by the electrode and its
reference; dipoles perpendicular to this vector will be
functionally invisible 1o that electrode pair. 1f the brain
electrical source consists of a single, very small dipole,
2 unique solution can be sought in terms of this dipole’s
location, orientation, and magnitude,

The single dipole solution is the most frequently
sought interpretation of scalp potential distributions
and is the solution produced by most “dipole tocaliza-
tion” systems in current use. Such a solution should
account for a maximum amount of the observed map.
but a residual “error” term may remain. In addition.
the following assumptions are made: (1) the source
dipole is near the surface: (2) the source dipole is
perpendicular to the surface; (3) the head is a uniform,
homogenous volume conductor; (4) at least one re-
cording electrode is essentially over the source; and (5)
the reference is not contained in the active region.

On the basis of these assumptions, one generally
looks for a single predominating potential maximum
on the surface, with the source lying directly below it;
however, a variety of nondipolar source configurations
could praduce the same observation. For example, a
simple monopolar charge buildup, a curved dipole
sheet, or a finite-thickness dipole “pancake” would all
produce a single well-defined maximum. In addition,
signals originating from deep-seated gencrators will be
broadly distributed when recorded from the sur-
face, 75 and these cannot be reliably distinguished
from more superficial but widespread epileptic re-
gions.

In addition to these “equivalent” source possibilities,
others are physiologically similar but generate very
different surface maps. Through variations in orienta-
tion and shape, dipole sheets can produce charge
reorientation and cancellation. The resultant range of
possible scalp distributions serves as a reminder that
observed scalp maxima do not necessarily lie directly
above maximal brain activity. Javakar et al®* has
pointed out the difficultes in localizing epileptic foci
on the basis of simple models owing to effects from
dipoiar orientation, anatomic variations, and inhomo-
geneities, among other factors.

Volume Conduction

Through the process of volume conduction, electri-
cal activity originates from a generator and spreads
through a conductive medium to be picked up by a
distant recording electrode. Volume conduction 18
passive—ie, it does not involve active regeneration of
the signal by intervening neurons or synaptic relays—
and occurs as easily through saline as through brain
parenchyma. Potentials recorded by way of volume
conduction are picked up synchronously and at the
speed of light at all recording electrodes. Although
attenuated with distance by the medium, components
traveling by way of volume conduction preserve their
original polarity and morphology.

The attenuation factor is defined by the inverse
square law, ie, the recorded electrical potental falis off
in direct proportion to the square of the distance from
the generator.** For example, a 100 1V potenual seen
at the electrode directly overlying a cortical generator
(assume u distance of 1 cm away) will be reflected as a
4 wV potential at an electrode which is 5 cm away, and
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as only a 1wV potential at 10 em away. The rapidity of
this falloff is & function of the depth of the generator,
with more superficial generators falling off much more
rapidly. Distant generators have a “fiat” falloff, one of
the hallmarks of a “far-field” potential,

The medium through which current travels to reach
the recording electrode is not homogenous but rather
exhibits a variety of conductivities. As the current
attempts to complete its circuit by following the path of
least resistance, these differences in conductivities,
especially differences among cerebrospinal fluid, skull
and scalp, and their associated boundaries, affect the
electrical potential recorded on the scalp. The signal is
not only altered in amplitude, but also is low-pass-
fittered during its passage (o the surface because of the
capacitive and shuniing effects of the intervening
lavers,

The head also contains normal or abnormal open-
ings that present low-resistance paths to conducted
currents. The current tends to flow toward skull
defects, whether physiologic (such as foramina) or
acquired through trauma or surgery, and around
cavities (such as the ventricles), markedly distorting the
field in the region of the defect. The resistivity of scalp
or brain tissue is as much as 80 times smaller than that
of hone. As a result, surface potentials near these
openings will be unusually high, and may suggest
sources far from generators.

Surface Electrical Manifestations

A variety of real-world considerations complicate the

interpretation of surface recordings. First, it is not
sutficient 1o assume that the generator must be close to
the point where the maximum potential is recorded.?
This simplistic view treats scaip potentials as “mono-
poles” referenced to an uninvolved distant site. In fact,
generator sources do not behave exclusively as mono-
poies but, for example, as dipoles, tripoles, and
quadrapoles. Actual biologic sources of electrical po-
tential also are not simple combinations of dipoles
located conveniently near the scaip surface. The
number of equivalent poles that the generator repre-
sents, the spatial orientation, and the distance to the
Fecording electrode determine the polarity and ampli-
tude of the potential detected. Second, the normal and
abnormal irregularities in the brain and skull pro-
foundly affect the measured surface potentials (Fig.
16— 1) because the volume-conducted currents flow
Preferemiall}-' through low-resistance paths, distorting
the surface potential distribution. Finally, the choice of
reference affects the form of the EEG measurements.
In particular. if the reference is within the potential
field of the discharge. it generally will not be possible to
Cleutate » “monotonic™ potenual field for plotting,
unless ope pavs close attention to the phase relation-
ships between the signals (Fig. 16-2).

. tcause the dipoies measured at the scalp ordinarily
are orentec radially, scalp recordings measure only
the positive or the negative pole. Although generators

Fig. 16—1. Current Aow as a result of a putative dipole layer
generator in the occipital cortex, In the spherical head model shown
in A, the current low is relatively uniformly distributed. In B, a
nonspherical head model with orbital openings, and C, a nonspher-
ical head modet with a surgically induced opening, the current
follows the pathways of least resistance. From Nunez®® with
permission.

located at the apex of a gyrus lie perpendicular 1o the
scalp (ie, vertical dipoles), any generator within a
cortical fissure will present a dipole at an angle to the
scalp. Nearly 70% of the cortical surface lies within the
sulcal depths.” In addition, many brain areas— most
notably the mesial frontal, parietal, occipital, and basal
temporal cortex—are diversely oriented and lie at
varying distances from surface electrodes.

When a generator dipole is oblique or parallel to the
scalp, the resulting surface potentials can show two
primary features: phase reversal associated with the
dipole center, and false localization of the potential
maximum. The typical bell-shaped distribution of the
electrical field is replaced by one shaped like a sideways
“S" (Fig. 16—3). Because both the positive and negative
portions of the dipole may be recorded at the scalp, the
surface potential can exhibit two “maxima” of opposite
polarity, associated with each end of the dipole.
Between the two ends will be a zero isopotential
boundary where the generator will not be picked up
at all.

Itis important to distinguish true horizontal dipoles,
such as those arising at a sulcus or the interhemispheric
fissure, from field distributions resulting from widely
separated activity but giving rise to distinct negative
and positive maxima, For example, bisynchronous
temporal spikes differing slightly in phase. such that
the negative component on the left aligns with the
postitve component on the right, may appear to
represent huge transverse dipoles*; however, careful
evaluation with an alternative reference (or the dem-
onstration that the spikes also occur asynchronously)
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Fig. 16—2. Effect of the reference eiectrode location on the contour
map of the amplitude of an EEG transient. Note particularly that the
polarity shift region is not indicative of the generator location. The
same electrographic event is shown in A and B. Simply changing the
reference alters the location of the topographic boundary between
negative and positive potentials. From Nunez,*® with permission.

can prove that the fields represent not the source and
sink of a single dipole, but rather two generators'®
linked by corticocortical propagation.

As a source lies deeper in the brain, two changes
occur: the surface potential becomes smaller, and the
field becomes more widespread relative to the surface
maximum.**#%* Although the shape of the electrical
field gradient can indicate the type of field and the
distance of the generator, identifying the source on the
basis of the potential difference between any scalp
electrodes becomes increasingly difficult. When the
potential-field gradient is relatively flat, a bipolar
montage will display the waveform under study at a
relatively smaller amplitude. Diffuse discharges may be
better appreciated on referential montages, assuming
that the reference is not involved. An adequate “van-
tage point” may be impossible with surface electrodes
when a focus is deep. A deep-seated source can

generate o far-field poiental. which produces only
small voltage differences between surface recording
electrodes (Fig. 16—4). It may be impossible to find a
scalp electrode reference that is not electrically in-
volved in the active region, resuliing in a small or zero
potential for all electrode pairs. In consequence, the
source can be estimated only by invasive electrode
placements that can monitor more limited areas (see
Chap[er 86).:'1.17.1H.:'15l,¢iﬁ

The combination of multiple sources can produce a
variety of results. A superficial source can over-
shadow a deep one, distorting or even hiding it
Because the amplitude of a measured potential is
inversely proportional to the square of the distance
from the recording electrode, nearby sources can
have a significantly higher appearance at the record-
ing electrodes. A given electrode thus has a “view” of
the nearby generators, such that dipoles that combine
to reinforce each other will have a large net effect,
whereas those that cancel will produce a smaller or
null potential.*” Even if two sources are at a compa-
rable depth, their combination can lead to a confus-
ing net potential. The vector sum of their individual
dipole moments can cause cancellation at sites that
would otherwise provide important localization infor-
mation. Multiple sources also can produce a “phan-
tom” source, whose properties may not reflect any
actual abnormal activity.

Complicating this problem is the fact that the
equivalent dipole is an abstraction. In reality, only
sources that extend over multiple layers of several
square centimeters of cortical ussue have sufficient
energy to generate detectable scalp discharges.’*** An
epileptogenic zone almost always consists of a contin-
uum of dipoles, resulting in a sheet dipole. Such
source may cover an extended brain region, with the
constituent areas lying at various depths and orienta-
tions. Again, both reinforcement and cancellation are
possible relative to each recording electrode, produc-
ing a variety of surface potential distributions. Overall,
the conduction phenomena leading to surface poten-
tials follow the “solid-angle” rule, e, the net surface
potential is proportional to the solid angle subtended
by the recording elecirode. Unless a dipole sheer
parallels the surface, the maximum surface potent: .
may be elsewhere than directly over the affected area
(Fig. 16-5).

In the same way that two dipoles can cancel each
ather relative to a distant electrode, a sheet of nonpar-
allel dipoles can produce a “closed” field,*® whose
potential contributions to a wide range of surface
recording sites will be negligible (Fig. 16-6). Closed
fields are produced by nuclei in which the different
neurons are oriented randomly. Simultaneous actix
tion of the neurons creates multiple dipoles th..
because of the random orientation, will cancel each
other.* These generators, usually not visible on scalp
EEG, are observed primarily on invasive recordings.”
Even when not a completely closed field, multpolar
source-sink configurations tend to cancel out more
easily than dipolar generators and to atienuate
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VERTICAL

HORIZONTAL OBLIQUE

Fig. 16—-3. Spatial properties of
the electrical field distribution as
a function of the dipole orienta-
tion. Dipole lavers that are not
primarily vertical produce elec-
trical potentials at the scalp with
two nmaxima, corresponding to
the negatve and positive poles of
the dipole.

more quickly as a function of distance.® This situation
is particularly likely in the basal and mesial areas of the
temporai cortex and the hippocampus, where cortical
infolding is so prevalent. The amygdaloid nucleus,
with its complex connections, fibers, and subnuclei
{common locations for epileptogenic foci®), presents
an even less regular structure for the orientation of
electrical dipoles.

The head consists of a series of roughly concentric
layers that separate the brain from the scalp surface.
Each of these layers—cerebrospinal fluid, meninges,
bone, and skin— presents different electrical charac-
teristics to the currents that conduct the EEG to the

Flg. 16—4. Potenuals recorded
from near and far felds. Elec-
trodes A and B, although widely
scparated from each other, lie
along the same isopotential con-
wur and therefore record the
same  far-field potential. Elec
trodes G and D are separated by
the same distance, but record a
much higher potential difference
since € picks up a near-field
potential while D serves as a
Ituch less involved reference.
Electrode E llustrates that even
4an electrode very close to the
Source can record a zero poten-
Ual in the case of a bipolar gen-
traior. From Liders et al,** with
Permission,

surface. These layers occasion considerable current
spreading, which causes the potential from localized
foci to appear in a much broader scalp area.***
Spreading in itself would not be an insurmountable
problem, because it is theoretically possible to recover
deep dipole sources based on observed surface poten-
tials, using appropriate mathematical transformations.
Such recovery, however, is guaranteed only in a
perfectly spherical concentric conductor, on which
electrodes can be placed in any location. The head is
not a perfect globe, however, and significant con-

. straints disqualify the face or neck, which may be

preferred for certain sources, as electrode sites.

(J= Far field
= Near field
C B = Zero potential line

=
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Fig. 16-5. Use of the solid-angle rule 10 ascertain the signal
measured on the scalp surface relatve to the orientation of the
dipole. In A, the solid angle seen by the surface electrode is large
because of the orientation and proximity of the dipole laver. In B,
the closer surface electrode (1) sees a smaller potenual than the more
distant electrode (2) because of the dipole laver orientation, as
lustrated by the larger solid angle. Noie that the much more
proximalte depth electrode has a larger solid angle and therefore sees
a greater potential than that detected by either eiectrode on the
surface. From Morris and Liders,® with permission.

Electrode Placement as Spatial Sampling

Placement of scalp electrodes should be considered
an exercise in spatial sampling. Electrode density must
be generous enough to capture the available informa-
tion but not so closely spaced as to overwhelm with
redundant data. Inability to precisely locate a cortical
generator may be the result of spatial undersampling
(“altasing™). The assumption that a potental will
decrease monotonically as distance increases from the
involved electrode is based not only on an uncompk-
cated electrical field, ie, a monopole, but also on an
electrode placement sufficiently dense to accurately
represent the spatial contours of the field. When more
precise localization is indicated to avoid spatial aliasing,
scalp electrodes should be placed at least once every 2.5
cm.' The maximum spacing can be determined theo-
retically* as well as experimentally, and as many as 128
electrodes (spaced approximately 2 cm apart) may
sometimes be necessary.* Cooper et al'” suggested that
at least 6 cm* of cortex discharging simultaneously is
required to reflect a visible potential on the scalp

surfuce. Because most epileptogenic potentials seen on
the scalp are visible at muitiple electrodes, a consider-
abb larger cortical area must be synchronously dis-
charging 10 produce these potentials.

Boundary Problems

Regardiess of the fineness of the scalp electrode grid,
boundary effects will occur at the edges of the array.
The maximum potential must be well within the scope
of the recording electrodes to ascertain that a physio-
logic gradient exists away from the electrode. For
example. sharp waves associated with complex partial
epilepsy arising from mesial temporal structures are
frequently localized outside the area covered by :'.-
10-20 placement.*'*477* It is impossible to determine
the compiete extent of an epileptic focus unless the
area of maximum activity is surrounded by regions of
lesser activity. Recordings in which the activity is large
to the boundary of the region defined by the montage
must be "remontaged” to include, if possible, all the
relevant electrodes, or further recording must be
carried out with additional electrodes. This may be
especially complicated when it is difficult to position
electrodes inferior to the customary borders of sc.
coverage.

Fig. 16—6. The dipole laver involving both sides of a sulcus
represents an alinost compietely closed field. resulting in practically
no detectabie surface potential. The solid angies associated with the
two opposing dipole lavers are approximately the same, and
therefore cancel when summed from the perspective of either scalp
electrode. From Morris and Liders.™ with permission.,
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A significant portion of the head cannot be practi-
callv surveved and mmportant brain areas, such as the
b;isf)mesi;l] temporal cortex and other deep sources,
are only indirectly accessible with standard  scalp
electrodes. Additional electrodes inferior 1o the 10-20
Syvstem™ must be emploved 1o provide a better view. In
certain circumstances, the informatton obtained from a
combination of closelv spaced scaip electrodes such as
the International 10-10 System''#*%" and sphenoidal
electrodes can obviate the need for more invasive
recordings.®

EEG INSTRUMENTATION CONSIDERATIONS
RELATED TO LOCALIZATION

Differential Amplifiers

Amplifiers used in clinical neurophysiology measure
the difference between two potentals at the inputs to
the amplifier and provide an amplified version of this
difference at the output. To reject common-mode
signals, EEG signals are measured using differential
amplifiers (see Chapter 13}. The two terminals at the
input to a differenual amplifier are sometimes labeled
“G17 and “G2," recalling when a “grid” within the
vacuum tube amplifier controlled the flow of electrens
from cathode to plate. Modern “"opamp”-based differ-
ential amplifiers employ complex integrated circuits,
and the terms “input 1" and “input 2" are used
throughout this chapter (Fig. 16-7).

The amplifier itself has no concept of polarity; it
simply does the subtraction and the gain multplica-

tion, then provides an output voltage that is a linear’

function of the input voltages, according to the follow-
ing equation:

v (=0x[V -V (1)]
output inputl input?
where V (t) and V () are the output and
output inputN

input voltages and G is the gain of the ampilifier. Only
during interpretation of the EEG wavetorm in the
context of the underlving generators does the concept
of polarity have any meaning. Naive electroencepha-
lographers often mistakenly ascribe a polarity at the
mput to a specific pen deviation at the output.® It
should be remembered that “there are no positive
deflections and no negative deflections. There are only
Upward and downward deflections.”*

Polarity Conventions

Deflection refers 1o the direction on the page {or
S¢reen) in which the waveform component under study
4Ppears to go, and is a funcition only of the display
!Pstrumentation. The output devices display negative
Voltages at the amplifier output as upward deflections
and Positive voltages as downward deflections. These
volages imply nothing about the underlying polarity

(’Llnpu! 1
Output
o]

Input 2
O_D

\/

fnput 1
o—
Outputo

Input 2
o——1
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/ O
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Fig. 16—7. Eiectroencephalogram (EEG) amplifiers are based on
the differential amplifier. It is designed 10 amplify only the difference
between the signals at the two nputs. Note that the large amplitude
sinusoidal waveform is subtracted out by the differential calculation
because it is common 1o both inputs. The spike appears at only one
of the inputs and is therefore multiplied by the gain factor. Polarity
of the output voltage is entirely determined by the relative amplitudes
at the inputs.

of the signals at inputs 1 and 2—only the polarity of
their differences. Figures 16—8 and 16~ 9 illustrate four
different conditions that give rise to exactly the same
deflection seen on the strip chart,

When two electrodes (no matter how close to the
source of the sharp wave or spike) that lie along the
same isopotential line (typically at the same distance
from the generator) are input to a differential ampli-
fier, the output will reflect no activity, even though
both electrodes may be measuring high amplitudes in
an absolute sense (see Fig. 16-7). If the difference
between the signals at the mmput is zero, no deflection
will occur. Some amplifiers used in basic neurophysi-
ology research and in clinically evoked potentials are
designed to display positive voltages with an upward
deflection.

Derivations and Montages

Phase reversals are not an inherent quality of the
signals found on the scalp surface for the benefit of
electroencephalographers. Rather, these and other
localization clues result from the ordinary field distri-
bution of the EEG signal elucidated by a sequence of
electrodes and their connection to the amplifier. In
fact, each amplifier could be connected to any pair of
electrodes available. Likewise, these amplifier outputs
could be arranged in any fashion on the screen; the
arrangement in chains assists our visual localization
capabilities.
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Fig. 16-8. Input 1 is more neg-
ative than Input 2, Since a differ-
ential amplifier responds only 1o
the difference between the two
inputs (Input 1 — Input 2), the
spikes illustrated will vield idenu-
cal output voltages; (~80) ~ (0} is
the same as (=120 - (—40). Note
that the background EEG acuiv-
ity, because it 1s more widespread
than the spikes, and therefore
almost the same at Input 1 and
input 2, is largely cancelled out.
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A “derivation” describes the connections of the
electrodes to the amplifier inputs. A montage is a
combination of dertvations arranged down the EEG
page to display many amplifier channels simulta-
neously in a way that aids in the identification and
localization of abnormalities.>®

The arrangement of derivations into a montage
determines whether it is called bipolar or referential.
Any given derivation (ie, pair of electrodes) that
appears in a bipolar montage may also appear in a
referential montage. Derivations in bipolar montages
are established between closely spaced electrodes to
emphasize focal activity. They take advantage of the
subtractive nature of differential amplifiers to effect
a high degree of cancellation. Any montage can
be analyzed 1o locate the maximum of a sharp wave
or spike, provided that the montage has a logical
Order"lﬂ.-ﬁ).ﬁg

Input 2
& —

VaRY,

Choice of a Reference

In a referential montage, any electrode may be the
reference but ordinarily is one uninvolved in the
electrical field. The voltage difference between any
pair of electrodes is entirely unrelated to the choice of
reference®™”; subtracting the voltage measured refer-
entially at electrode B from that measured referentially
at electrode A will produce exactly the voltage mea-
sured bipolarty from the A~ B derivation, regardless of

OQutput
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/ P O

|

input 2

< |
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|

+40pV _Input 2

IHDU”\ A
Output
/ Up <

%
]

+120 pv

Fig. 16—9. Input 2 is more positive than Input 1. The twe
circumstances here vield an output identical 10 the two shown in
Figure 8, despite the fact that the discharge is fundamentally surface
positive. The calculations (0) — (+80) and (+40) — (+120) both
result in an answer of ~80, and the background is still cancelled out.
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the reference chosen. This is true {for a single electrode
or a mathematically caleulated one, such as the average
reference ™™™ and is the principle of computer
asststed montage reformattng.

The ampiifiers in a reference montage perform their
differential function exactly as in a bipolar montage.
Referential recordings measure not the absolute po-
tential under the various scalp electrodes but the
potential difference. as do bipolar recordings. Specifi-
cally, however, they measure the difference between
each electrode and a chosen common reference.
Instead of chains of electrodes, with each succeeding
amplifier sharing one input from the previous ampli-
fier, all the amplifiers share a common input 2. What
the amplifier “sees” depends on the electrical refation-
ship between the reference and the field of the wave-
form. The reference may be completely uninvolved in
the field (a mintmumy); may be in an area that picks up
a higher value of the waveform than any of the other
electrodes (a maximum); or may lie somewhere in
between (neither a maximum nor a minimum).

For evaluating epileptic foci, the reference is nor-
mally chosen to be completely uninvolved in the
electrical field distribution of the spike or sharp wave
{all deflections should point in the same direction).
Nevertheless, “standard” moniages occasionally can
include the reference in the field distribution {some
deflections pointing upward, some downward). If the
reference lies somewhere within the field distribution,
but not at its maximum or minimum, those channels in
which input 1 is relatively more negative than the
reference will deflect upward; those in which input 1 is
relatively less negative will deflect downward.

When a common reference contains relatively large
signals, the effects of amplifier imbalance or gain
mismatching produce troublesome errors. An elec-
trode at the vertex (C,) is an excellent reference for
displaving temporal spikes, but may be a poor choice
during sieep when it 1s very active and during wake-
fulness when it may be contaminated by vertical eye
movements. In the linked ears reference (frequently
used o decrease electrocardiographic artifact), the
reference electrode (A, connected to A,) connects the
two brain regions together. This electrical shunt
changes the field generated,* decreasing, for example,
asymmetries between the temporal regions.” The

weighting” applied to activity from each side will
depend entirely on the electrode impedances, with the
¢ar having the lower impedance predominating. When
temporal lobe epileptiform activity spreads to the
ipsilateral ear, the linked ear reference will inappro-
Priately reveal spikes in both hemispheres.

Using either passive summing networks or active
amplifier configurations, it is possible to devise a
reference that combines all the electrodes applied to
the head, the so-called average reference.®* The
_dlsadvantages of this svstem are twofold: (1) depend-
'Ng on the number of electrodes included in the
average, the potential under study will be reduced by a
small proportion: and (2) large amplitude focal patho-
UEIC lesions will be reflected proportionally in all the

mactive channels as well, albeit with apparently oppo-
site polarity.

A variety of calculated references and transforma-
tions are available, but these must be used with caution.
The “source derivation™ provides useful “deblurring”
by arithmetically estimating the cortical sources that
generate a scalp distribution; however, this method
gives increasing weight to distant electrodes and can
produce erroneous results when these sites are active
(see references 8, 29, 56, and 75 for analysis).

Time Synchronization

To measure the relative amplitudes of epileptiform
abnormalities, thetr appropriate phases must be
aligned. In ink-writing EEGs, mechanical pen align-
ment and consistent paper motion guarantee this time
correlation, A paperless EEG machine may appear to
provide built-in alignment, but unless its analogue-to-
digttal converter incorporates a “sample and hold” for
each channel (expensive and therefore rare), a differ-
ence (“skew”) will occur in the times when the channels
were actually sampled in “simultaneously” sampled
channels. Higher-performance systems include “burst”
sampling between clock ticks, so that the skew is
negligible. As a worst-case example, systems not incor-
porating burst mode sampling would have a skew of
almost 10 milliseconds between the first channel on the
page and the last channel on the page, given a nominal
sampling rate of 100 samples per second.

Theory vs Practice

Montages typically are drawn and envisioned on a
planar representation of the head, a kind of “Merca-
tor” projection of an irregular convex surface. In a
bipolar montage, the amplitude may be misleading,
because it indicates differences in electrical potential
and not the electrode of maximal involvement (Fig.
16-10). Because the gradients tend to be steeper in
regions of highest acuvity, the electroencephalogra-
pher may habitually but unwisely determine localiza-
tion on the basis of amplitude. In bipolar recordings
the interelectrode distances generally are equal and are
considerably shorter than in referential recordings.
Bipolar recordings will amplify errors or asymmetries
in electrode positioning. In referential montages not
only are the electrode distances unequal from channel
to channel, but the distance between the electrodes
connected to mnputs 1 and 2 may be long.

LOCALIZATION OF SCALP POTENTIALS
Identifying Peaks
Interictal epileptform abnormalities are recog-

nized by their morphology—an impression of “stand-
ing out” from the background—and by their elec-



trical field distribution, which must demonstrate a
realistic relationship between the electrical potentials
at topographically associated electrode positions. In
choosing an abnormality to localize, the peak selected
must be representative of the patient’s population
of spikes, and the sample must be as clean as pos-
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Fig. 16~10. The amplitudes of
the differences between the voli-
ages at Input 1 and Input 2 do
not indicate the maximum of the
electrical fieild. In the upper
panel, a negativity maximum at
Fy actually produces a larger
deflection in channel 2, because
the maximum falloff accurs be-
tween electrodes Fg and Tg. The
occipital positivity illustrated in
the lower panel has a maximal
falloff between electrodes P, and
Ty, resulting in a larger deflec-
tion in channel 3.
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sible. In addition, the component to be measured ir
each of several channels must be clearly synchronized
between them. :
Complicating localization in a bipolar montage is the
morphologic alteration that results when complex
wavelorms are recorded bipolarly. These waveforms

Fig. 16—11. Be certain to select
the praper phase of the discharge.
In EEG on the left, is the maxi-
mumn Fp, (ie, no phase reversal) or
Fg (ie, phase reversal)? The calibra-
tion on the right confirms that the
pens are lined up properly. Care-
ful scrutiny of the “phase reversal”
at channels 5 and 6 actually reveals
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Fig. 16—12. Highiv localized,
multiple. mght hemisphere foci,
The dirst arrow in the left panet
indicates a phase reversal oecur-
ring across channels 6 and 8, with
channel 7 isoelectric {or bipha-
sic). Under this circumstance,
electrodes C, and P, are consid-
erecd approximately isoeleetric,
and the discharge is locaiized o
both electrodes. The second and t
third arrows indicate discharges
arising within a few seconds from
Ty and O,. Variations of the
same three foci are again shown
in rapid swccession in the right
panel.

frequently have multiple components, each of which
has a maximum at a different electrode. Because spike
morphoiogy varies from channel to channel, it is
important to select a component that can be reliably
idenufied in all channels. This may be particularly
troublesome in the case of polyphasic discharges, in
which each phase is brief and difficult to line up
temporally, In the two adjacent channels shown in
Figure 16-11, note that the respective peaks were

reached on different phases of the waveform, giving -

the erroneous appearance of a phase reversal.

In the simplest cases, the peak of the sharp wave
(ie, negative extrema) will have the highest amplitude
at the electrode closest 1o the involved cortical epilep-
togenic neurons.* Selection of the epileptiform spike
component to be measured should be based on its
ability to be reproducibly measured in each of the deri-
vations in which it is present (Fig. 16—12). Fre-
quentiy, the main component of an epileptic dis-
charge is preceded by a smaller deflection in the
opposiie direction. Early components show a more
localized field than later ones™™ and a considerably
more localized and synchronous distribution than does
the slow wave frequently following a spike. The initial
deflection may actually contain more localizing infor-
maton.® Using the lower-frequency aftergoing slow
waves to localize epileptogenic regions ts fraught with
Problems. The apparent source of the siow wave is
not always representative of the epileptogenic region,
and the slow waves are usually widely dispersed.

Epileptiform Transients: Polarity and
eflection

Upyvard pen deflection means that input 1 is more
N€gative than input 2 and, conversely, that input 2 is
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more positive than input 1. A variety of circumstances
at the input can lead to an upward deflection (see Fig.
16—8). A downward pen deflection means that input 1
is less negative than input 2 and, conversely, that
input 1 is more positive than input 2 (see Fig. 16-9).
When there is no pen deflection, the inputs are at
identical potentials.

Assumptions

The following procedure, outlined for determining
the source of a neural potential, uses simplifications
related to (1) number of poles, (2) polarity, and (3)
Inactivity.

1. Electroencephalographic activity arises from
summated extracellular potentials, and the current
flow creates dipoles.”” When recording from intracra-
nial electrodes, these dipoles are noted by the frequent
occurrence of both negative and positive spikes from
epileptogenic regions. Surface EEG potentials, how-
ever, are usually assumed to be recorded as monopoles
because the dipoles generally are oriented perpendic-
ular to the cortical surface. In unusual cases, such as
when the discharges emanate from major fissures, the
equivalent dipole may be oblique or parallel to the
surface, producing very different surface potential
patterns.’** When both the positive and negative poles
are recorded from the surface, the localization system
outlined below will not apply.

2. Ordinarily, the deflection morphology will be
characteristic of a particular type of discharge—
electrocardiogram, electro-oculogram, small sharp
spike, positive occipital sharp transient, triphasic wave,
or epileptiform spike—implicitly dictating the most
likely polarity and location. Epileptiform discharges
usually are surface negative. In the absence of a skull
defect, a transverse-lving dipole (as in benign focal
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epileptiform discharges of childhood), or other evi-
dence of an unusual discharge, the assumption of
surface negatvity will usually result in the proper
distribution. Once the probable type of a waveform has
been established, the generator source will have a most
likely polarity.

3. Muluchannel EEGs ordinarily display several
montages, not all of which are related by common
clectrodes. When no arithmetical combination will
precisely determine the voltages at each electrode, the
least active electrodes from each group (ie, the electri-
cal field minimum) often can be assumed to have the
same potental (eg, zero).

These simplifications have been distilled into the
following specific assumptions for carrying out the
localization procedure described below: (1) epilepto-
genic sources are simple dipoles or sheets of dipoles
obeying a simple principle of superposition; (2)
dipoles are fundamentally oriented perpendicularly
and can be treated as if they were monopoles; (3)
epiieptiform discharges are chiefly surface-negative
phenomena. The term “maximum” denotes absolute
value, not necessarily maximum negativity; and (4)
the head is essentially a uniform, homogenous vol-
ume conductor.

Rules for Localizing Potentials

Bipolar Montage. Derivations in a bipolar montage
are customarily arranged in chains,?34¢ je, the elec-
trode connected to input 2 of one channel is also
connected to input 1 of the next channel. The chains
run parallel, along transverse or sagittal axes, and
contain no single electrode common to all channels.
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If there is no phase reversal, then the electrical

ficld maximum must be located under either

the first or the last electrode of the chain (Fig.

16-13).

The potential field minimum must then be at the
opposite end of the chain. Because the potentia!
decreases progressively from the electrode with the
highest potential to the one with the lowest potential,
the potential difference for each pair of electrodes in
the chain will be in the same direction.

If there is a phase reversal, the electrode where it

occurs is either the minimum or the maximum of

the electrical field (Fig. 16-14).

Knowledge of either the polarity or the generator’s
general location will disclose the correct possibility.
Phase reversals involving surface-negative activity gen
crate the familiar potentials that appear to “point”
toward each other; however, the same picture theoret-
ically could result from a positive electrical field that is
minimum at the site of the phase reversal and larger at
the ends of the chain. Conversely, a positive potential
maximum at an electrode in the middle of the chain
will cause the deflections to point away from each
other.

Referential Montage. The same electrode (or elec-
trode combination) is connected (o input 2 of all the
channels. If some derivations within a given montage
use one reference electrode (eg, the left ear) while
others use a different reference (eg, the right ear), only
those sets of channels with a common reference should
be analyzed together.

If there is no phase reversal, the reference elec-

trode (ie, the one connected to input 2) is either the

minimum or the maximum of the electrical field

(Fig. 16-15).

FP1-F7 o ™
F7-T7 A g S
T7-P7 e AT Fig 16-13. Left occipital spikes
point downward and are seen 1
have no phase reversal on the bip:
lar montage {left), consistent with
their location at the end of the
chain. With an ipsilateral ear ref-
erence (center), there is also no
phase reversal since the refer-
ence is a minimum, but the spikes
point upward since they are neg-
ative. Distribution to a contralat-
eral reference (right) confirms
the left occipital location, (Inchu-
sion of a portion of the bipol:
montages insures that the disn
bution montage is indeed viewing
the typical spike detecied earlier
in the record.)
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ways occur in adjacent chanmels. Bitempo-
ral independent spikes are demonstrated in :
these two epochs from the same patient. FP2 - FB e AT o™ MVW
Interposing anterior temporal leads (Fyq
and Fr;p) within the conventional longitu- PO
dinal “double banana” montage leads to a FB'F-H 0
separation of the phase reversing channels.
The right-sided discharge shows Fy and ~ ot R e
Frio higher than T, while on the left, F,, FT10-T8
Fpo. and T, are all isopotential.
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If the reference electrode is the minimum of the
electrical field, the maximum will be at the electrode
with the largest amplitude. This situation is the easiest
to analyze, because the amplitude of the deflection in
each channel directly reflects the level of activity in
input 1 of the channel.

If the reference is maximum, the electrode at input
! of the largest-amplitude channel is at the minimum
of the electrical field. If the reference is maximum and
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some channels show no deflection, the electrodes
connected to input I of those channels are also
maximum.
If there is a phase reversal, then the reference
electrode is neither the minimum nor the maxi-
mum of the electrical field (Fig. 16—16).
Hence, the reference is “involved,” that is, at some
intermediate potential. This indicates that some elec-
trodes connected to input 1 have a greater potential

Fsec.  Trsouv

Fig. 1615, The locations of the spikes originating from the multiple loct (seen in Fig. 12) are clarified in the distribution
montage employing a reference from the contralateral hemisphere. Note that the right temporal discharge demanstrates a slight
anterior-posterior shift in its Jocation from discharge 1o discharge. Arrows indicate spikes originaiing at different times from T,

Py, and O,
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Fig. 16—16. In the referential montage seen in the first four
channels, these wicket spikes show a phase reversal. Therefore, the
reference is neither minimum nor maximum. Note, however, that
channels 9-12 also use the same reference, and there is no phase
reversal. Therefore, in these four channels the reference is actually
a maximum, with respect to the left parasagittal electrodes.

and some a lower potential than the reference. If, for
instance, the polarity of the discharge is negative, those
electrodes connected to input 1 that have a higher
potential than the reference will point upward,
whereas those less negative than the reference will
point downward. The channels that show no activity
{isopotential with the reference) measure a negativity
at mput 1 equal to that at the reference. If the
recorded potential is a dipole at the scalp, then
referential montages will show phase reversals even if
the reference is the minimum.
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Choosing Between Two Possibilities

The application of the rules above will vield wo
possible hypotheses in each case. In a bipolar chain, for
example, an upward deflection in all channels may be
generated by either a negativity maximum at the first
electrode of the chain (Fig. 16-17) or a positivity
maximum at the last electrode of the chain. To choose
between the two possibilities in any given case, one
must guess about the polarity of the source generator
or the relative likelihood of one of two electrodes being
the more active.

Because the localization of a transient will depend on
a correct assumption about its polarity, all possible
clues must be used 10 make an educated guess about
polarity. For example, if the transient appears to be
epileptiform, it is most likely to be surface negative
(Fig. 16—18), whereas if morphology and location
suggest a positive occipital sharp transient (POST), it
can be expected to be surface positive. The best
strategy is to see if the distribution based on the
assumed polarity makes physiologic sense; if not, the
opposite polarity will have t be tried.

Determination of the electrical field of a discharge
may help to differentiate artifacts or extracortica!
physiologic activity from abnormal brain activity (Fig.
16-19). Because the electrical gradient is steepest at
the electrodes closest to the source, the electrical
potential difference between inputs 1 and 2 becomes
smaller as one moves farther away from the generator
source.” For this reasomn, the steepest potemial gradi—

Fig. 16— 17. Bipolar montage with the maximum negativity at the
beginning of the chain,
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Fig. 16—18. The morphology.
per se. of the left temporai dis-
charge seett in these 1wo panels is
rather poor for a sharp wave.
However, the characteristic elec-
trical field  distribution  demon-
strates cleariv that it must be
epileptogenic. In addition, there
was an intermittent siowing seen
arising from the sume region.
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ent, and the largest deflection, will most often appear
in the channels nearest the source.

When dealing with an invariant spike, seen in
various chains and montages, analyses based on any
of the multiple electrode chains or montages should
all reach the same conclusion (Fig. 16~—20). Corrobo-
rating a potential localized on a longitudinal montage
by using a transverse montage, for example, can be
helpful. If different conclusions result from the
analysis of different montages, the assumptions about
polarity or location were probably incorrect on one
o_f the montages. Nevertheless, consistent conclu-
sions across montages do not prove that the assump-
lons were correct as the same error about polarity

or location may have been made throughout the
analysis,

Mapping the Electrical Field

The potential fields of spikes and sharp waves can be
Mmapped even without electronic assistance by using the
Mathematical relationships of the electrodes, estab-
lished by the differential amplifiers and montages,
toupled with simple principles of electrical field distri-
bution and measurements made from a millimeter
T}ller. Such ruler measurements can be used directly
{i;ecause the topography of the electrical field distribu-
Spir]:: rather than the amplitude of an epileptiform
lran:f- 1s of interest) or these measurements may be
livits ated into microvolts by multiplying by the sensi-

Y setting. The shape of the distribution and
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location of the isopotential lines will be identical; only
the values associated with each isopotential contour will
change if microvolts are used instead of millimeters.
This mapping procedure assumes a value at one
electrode and, using the values measured in each
channel and the corresponding mathematical relation-
ships, calculates the voltage at all other electrodes
refative to the assumed value.

The ideal situation in reference recording occurs
when the reference electrode is totally inactive or picks
up activity of negligible amplitude. Those channels
showing some activity will deflect in one direction only,
as illustrated in Figure 16—21. The electrode closest to
the generator will show the largest pen deflection, and
the amplitude of the deflection in all the other
channels will be directly proportional to the magnitude
of the activity arising from each of those electrodes.
Mapping can be done with no further calculations by
reading the amplitudes from the millimeter ruler (Fig.
16-22). To achieve this ideal situation, an alert
technologist will recognize a contaminated reference
and construct a “distribution montage,” typically with a
reference electrode from the other hemisphere (Fig.
16-23).

In mapping potentials measured from a bipolar
recording, the bipolar measurements first must be
converted to voliages relative to a selected reference.
The wisest choice usually is to select the least involved
electrode at the beginning or end of the chains, taking
advantage of the fact that certain electrodes are
common to more than one chain. For instance, in the
“double banana” longitudinal montage, the frontal
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Fig. 16—18. On the left, the sharp components emanating from
both frontal regions are elucidated by the eye leads in channels 17
and 18. These discharges are, in reality, extraocular muscle artifacts
masquerading as bifrontal spikes in a padent with congeniual
nystagmus. If the large-amplitude, right frontal “spike™ from
another patient seen in the right panel was truly epileptogenic,
elecrrical field theory would dictate a much more gradual faloff.
Since the field shows a precipitous and therefore impossible
distribution, this discharge has to be an artifact,

polar and occipital electrodes occur in both ipsitateral
chains. These common electrodes provide an electrical
connection between chains, and allow an algebraic
determination of the potential gradient of the electrical
field over the entre area covered by the two chains.
Because all the electrodes in both chains are related to
each other by a sequence of subtractions, one can
determine the absolute amplitude of any discharge at
any electrode if its vaiue at some other electrodes 1s
known. Of course, the exact amplitude (in absolute
terms) at any scalp electrode is unknown, especially in
a bipolar montage. However, electrodes relauvely
distant from the site of maximum activity “see” a
negligible potential, hence the assumption that the
potential at these uninvolved electrodes is zero. The
fact that the potential at this uninvolved electrode may
not be exactly zero ts unimportant because the relative
differences between electirodes will bé appropriately
preserved.

This kind of contextual assumption can be extended
to provide information about the field gradient over
the entre head, even when the contralateral chains fail

to include electrodes in common with the ipsilateral
chains. Nonetheless, precise values may not result. If,
for example, more than one electrode in a chain
appears totally uninvolved, one should choose the
electrode nearest the contraiateral zero-volt electrode
to set to zero. When merging voltages from opposite
sides of the head in this manner, the recorded voltages
must not arise from separate generators on either side
of the head; in this case {such as bitemporal sharp
waves), the assumption of a single peak would be
mcorrect.

Although it is possible to localize a spike or sharp
wave from a single montage if electrical connections
between the chains (or appropriate assumptions) exist,
recording from multiple montages, especially “criss-
crossing” montages, should betier define the topo-
graphic distribution. At the least, analyzing a sharp
wave from two different montages will confirm the
topography of the discharge. When the amplitudes of
the potential distribution do not match exactly between
chains or montages, the discrepancies most likely arise
from errors in visual measurement or from erroneous
assumptions of zero potential.

The procedure for mapping the potental feld,
illustrated in Figure 16-24, can be summarized as
follows:

1. Measure in millimeters the amplitude of the
component of interest in each channel.

2. Select an uninvoived electrode. Assuming a
value of zero for that electrode, and assuming a
polarity for the waveform under study, calculate the
amplitude of all the electrodes relative to the selected
electrode, based on the algebraic relationship estab-
lished by the montage.

3. Follow this procedure for all the chains con-
nected by common electrodes, resolving the inevitable
small calculation differences that become apparent
when both ends of the chains are connected.

4. Assume another zero electrode to calculate the
distribution in chains not connected by a common
electrode.

5. If the resulting distribution has potentials both
above and below zero, start with another “zero”
electrode.

6. Draw isopotential contours around the resulting
distribution, including only the areas with amplitudes
above 60% or 70%.

7. 1f the topographic distribution is unphysiologic,
assume the opposite polarity for the waveform.
These principles can be applied most profitably when
electrode montages are simple and systematic, as
recommended by the American Electroencephalo-
graphic Society.*

Localization Rules: Cautions and Limitations

The localization procedure presupposes a single
monopolar generator. Some EEG patterns, however,
are produced by two or more generators of the same or
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Fig. 1621, This spike, most likely a benign focal epileptiform discharge of childhood, is easily localizable on the bipolar
montage (left). The standard referental montage {center) demonstrates straightforward calculation of the electrical field
dl}lriimlion (T5-C, maximum) because the C, reference is not involved. In this circumstance, the custom distribution montage
{right} adds no new localizing ability.
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Fig. 16—23. An epileptiform
sharp wave noted on the “double
banana” longitudinal montage
(left) appears to be bifrontal. Us-
ing the standard ipsilateral ea:
reference (center) fails to shed
much light. The technologist's
selection of an uninvolved occip-
ital electrode as the reference for
a distribution montage (right}
demonstrates that the discharge
is located in the left frontocentral
region. {Note that channel 18
confirms that the O, reference is
uninvolved.)

—

.
!
{
:




S

CHAPTER 16: POLARITY, LOCALIZATION, AND FIELD DETERMINATION IN ELECTROENCEPHALOGRAPHY 229

TRANSVERSE Fr +0 “Ouv
—rFq 208 -t
FT~F3 wmnFg o=&=T8 =76
gy "0 LY:]
F3=-Fr ——rr o Gy 100 0
~— T, *0=30 =90
F1-F4 oo —— Ap *=90+80 +-40
Y w©
F4-FB —r B, 0 w0

-~ Tg *10-20 »~20

Al~T3 ——
T3I=CY

C3¥=-Ct

Cr-C4 -~
Ch-Td .,
Ta-Ap —~n
TS-p3 ~—

P3-pz ——

Pz-P4 —

P4-TE6 —.

JTzo0xv
111

LONGITUDINAL rfpy =0 «Ouv

= Fy sO-44  r-44

Fpl-F7 cemTa sed4-B4 =128

F7-T3 —— --=Ty v-i28+60 =68
~mUy =rB8+30 »-38
T3-T5 -~ v Fig %0 0
L LY p— e By AO-D [Y+]
e g 00=0 -
Fp2~F8 —w.t JR Y 3. a0

FE-T4 —
Ta-T6 —p
TE-02 s
Fpi=F3% ~—r
F3-C3 —-~
C3-P3 —
P3«0] o~
Fp2-F4 ——"
F4-C4 —nn

CAuPs -

P4-02 -

Isac z00nv

Fig. 16-24, An epileptiform discharge recorded simultaneously
using a transverse and a longitudinal bipolar montage. The elecurical
feld is calculated and mapped employing the method described in
the text. assuming a zero potential at Fs. Fz and A}, The two maps
oblained from the two montages are slightly discrepant due 1o minor
fI’EerTanes in visual measurement of the potentials. From Lesser et
ab* with permission.

different polarity acting simultaneously. Choosing the
Proper peaks to compare between channels may be
f,omph_cated by morphologic changes induced by small
'me differences or by the superimposition of other
unrelated activity,
mltilfgause the brain, skull, and scalp do not have
; acgeneou_s conductivity, current pathways caused
Ao tve epllept_ogemg areas can vary dramatically
maxirrgrlme?' This variability may lead 10 a site of
und. al scalp activity considerably distant from Fhe
amental generator.®® Because of the orientation

and location of mesial temporal sources, 1 15 not
uncommon for the contralateral ear 1o be more
involved than many of the ipsilateral electrodes. Alter-
natively. scalp distributions with several spatially dis-
tnct maxima may arise from simultaneously active
generalors whose scalp distributions overlap in space
and time (Fig. 16—25). Even if both the positive and
negative poles of a single-generator dipole are re-
fiected at the scalp surface,™ the localization rules will
not work properly.

Although both poles of the sharp-wave generator
must be present by definition, one of them is deep
within the head, allowing assumption of a monopole.
On occasion, however, both poles may be represented
on the scalp surface, precluding the use of these rules.
This occurs, for example, in the case of an epileptoge-
nic focus originating from the superomesial portion of
the motor strip.** Cortical regions involving the inter-
hemispheric hssure, such as the foot area or the
calcarine cortex, are especially likely to produce these
transverse dipoles. Specifically, the end of the dipole
traditionally at the surface will be buried within the
fissure with its maximum seen on the contralateral
scalp, and the ordinarily deep end of the dipole may be
close to the scalp surface on the ipsilateral side.
Horizontal dipoles also can be seen frequentiy in
benign epileptuform discharges of childhood.*

The electrical fields resulting from these transverse
dipoles are characterized by a simultaneous surface
negative and surface positive potential seen at differ-
ent elecirodes on the scalp or by a double phase
reversal. When double phase reversals or other factors
indicate, for example, a huge anteroposterior dipole or
a transverse dipole extending from one hemisphere to
the other,”* the physiologic meaning of such an
unusual field must be questioned. A horizontal dipole
should not be the first thought when the electroen-
cephalographer confronts pen deflections of opposite
directions. An involved reference, the most common
cause for this phenomenon, must be excluded.

As noted, in a bipolar montage the channels of
highest amplitude must not be confused with the area
of greatest sharp-wave activity. This mistake 15 most
likely to occur when the chain has no phase reversals,
indicating that the maximum of the discharge origi-
nates from either the beginning or the end of the chain
(Fig. 16-26). In this circumstance, the fact that the
highest amplitudes occur at the beginning, middle, or
end of the chain does not change the Jocation of the
maximum. A greater amplitude seen in channels
somewhat removed from the maximum of the field is a
manifestation of a greater potential difference, not of
greater activity in that region. Because of the altered
interelectrode distance and the impedance differences
in the current pathwayv o special electrodes such as
sphenoidals, bipolar chains incorporating these elec-
trodes do not adhere completely to the same principles
as do eguidistant scalp electrodes.

Obviously, determining whether a phase reversal is
present is a key aspect of the localization procedure.
This may oot always be easy, as demonstrated in
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Fig. 16—25. On the longitudinal “double banana” run (panel 1), the epileptiform discharge appears to have two phase reversals indicating
both an anterior and posterior generator. With an ipsilateral ear reference (panet 2) or a vertex reference (panetl 3), confusion still exists. The
distribution mantage (panet 4) reveals that the discharge is polyphasic, possessing both slow and superimposed fasier components, widespr.
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Fig. 16-26. These wwo epileptiform discharges, taken from wo
different patients, demonstrate the principles of the localization
rules when there are no phase reversals in a bipolar montage. In the
left panel, the sharp wave must be maximum at A, even though the
discharge is nol seen al the end of the chain, The spike-and-wave compiex
scen on the right originates from O, with some volume conduction
to the left side. Note how importam it is 10 choose the correct
component, ie, the spike pointing downward.

FP2 - Fé s iy

Figure 16-27. Multiple fast components may be
confusingly mixed when viewed from a bipolar mon-
tage, and are more accurately represented in a refer-
ential montage to identify the individual components
that are phase reversing across channels. A discharge
with an extremely broad field can resuit in rather tinv
differences between adjacent electrodes.

Although general physiologic and physical princ-
ples can explain the phenomena involved, clinical
interpretation of a particular set of measurements
often will have to be based on experience and infor-
mation that is not easily derivable from first principles.
Nevertheless, by remaining aware of alternative possi-
bilities, the electroencephalographer can avoid misin-
terpretating unusual recordings.

COMPUTER-AIDED METHODOLOGY

Topographic EEG mapping is the generation of
a pictorial representation based on measurements
cobtained from muluchannel EEG analysis——usuall}f
simultaneous, instantaneous amplitudes of some pa-
rameter, Computer-aided mapping can accurately
summarize the signal distribution and may help ©
highlight locally originating activity.?

Computed topographic maps can be used (1) w
describe an already known localization (perhaps for
communication with non-neurophysiologists); (2) t0
confirm a conventionally determined localization; (3)
to identify changes not detected in the original data:
and (4) to display statistical differences between patient
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Fig. 16—27. The amplitude of a transient, whether epileptiform or
normat, can be measured in a variety of ways, as seen in this example.
Computer algorithms to carry out these measurements are very rigid
and may produce surprising unexpected resulss.

populations (so-called Z scores'). These maps should
always be used in conjunction with the raw EEG
data.*%®
Automated mapping can represent the topographic
distribution of any variable, whose selection depends
on the application. In the evaluation of epileptic
patients, the topographic distribution of sharp waves
may present a valuable display, once their characteris-
ucs have been reduced to a metric.” There are a
variety of ways to do this. Ideally, one might choose the
amplitude from baseline to the first negative peak to
represent the initial manifestation of abnormal activity.
Because of the uncertainty in determining baseline
levels, however, the peak-to-peak measurement, from
the negative peak to either the preceding or following
positive peak may be more rehable. Alternatively, an
effective haseline can be computed from the preceding
I or 2 seconds of EEG. A computerized system is
unlikely to perform the measurement in eVery case as
Wt would have been done manually, so that visual
spection of the waveform is essential for each map.*
. Once the computer has associated the amplitude
information with its topographic location, powerful
mathematical techniques can be brought to bear. As a
result of volume conduction, potentials generated
within a small brain region will be seen over a wide area
of scalp. The spreading of the field to the scalp can be
malil]c:maticall’v reduced by source derivation meth-
Ods #%68 Thege spatial deblurring techniques, such as
the Laplacian operator, can narrow the apparent
dfslr!bmipn of the electrical field, thereby emphasizing
”]’Z(:il"@te'foci.“ The Laplacian operator ;up_plies“infor-
Cnceofn dl?f)u[ the locally occurring activity in a “refer-
“iree” manner,® taking into account the direction

of the field along the scalp 1o define the differences
between adjacent electrodes. Javakar et al** have
described several limitations of these methods.

Commercial instrumentation for topographic map-
ping is relatively easy to use. Although much attention
has been paid to the algorithms for generating and
presenting these displays, there is a danger that the
relatively complex calculations that go into generating
these maps will lead to gross misinterpretation as a
result of the wide range of variables.®3*5 Some
systems atitempt to portray a single dipole as being
responsible for the measured scalp potentials. Solu-
Lions to the inverse problem involve simplifications and
approximauons and, even when well-defined dipoles
using implanted sources in the human brain are
employed, produce errors of a few centimeters.'*”

Computer-assisted topographic mapping actually is
not well suited to display epileptiform EEG elements
owing to their rapid time course. Because not all the
channels may be at their peak simultancously, the
maps may show an unexpected result (this result, in
fact, may demonstrate spike progression but will not
necessarily reflect the manually determined localiza-
tion). Moreover, computer topographic mapping of
the amplitude of the EEG signal (or of evoked
potentals, spectral measurements, or statistical analy-
sis) provides no new information and cannot be used to
make classifications not apparent in the raw data.
Nevertheless, it can make it easier to grasp the special
relationships existing between electrodes in various
neighborhoods of the scalp. To decrease errors, sev-
eral restrictions imposed by the interpolation methods
and the boundary value problem dictate the use of
more electrodes than are conventionally placed. Add-
ing closely spaced electrodes alone may reveal new
information.
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