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Preface

Electroencephalography is truly an interdisciplinary endeavor, involving concepts and
techniques from a variety of different disciplines. Included are basic physics, neuro-
physiology, electrophysiology, electrochemistry, electronics, and electrical engineer-
ing, as well as neurology. Given this interesting and diverse mixture of areas, the train-
ing of an EEG technician, a neurology resident, or an EEG researcher in the basics
of clinical electroencephalography presents an uncommon challenge.

In the realm of technology, it is relatively easy to obtain a technically adequate
EEG simply by learning to follow a protocol and by correctly setting the various
switches on the EEG machine at the right time. But experience has shown that the
ability to obtain high-quality EEGs on a routine, day-to-day basis from a wide variety
of patients requires understanding and knowledge beyond what is learned by rote.
Likewise, knowledge above and beyond what is gained by simple participation in
an EEG reading is necessary to correctly and comprehensively interpret the record.
Such knowledge comes from an understanding of the basic principles upon which
the practice of clinical EEG is founded —principles that derive from the various
disciplines cited.

While it is clear that some understanding of each of these disciplines plays an
important role in the successful training of an EEG technologist, neurology resident,
or EEG researcher, the depth and extent of the understanding pose a dilemma. How
much and what kind of material should go into an introductory text?

The authors have attempted to meet the challenge of this dilemma in three ways.
First of all, the text emphasizes concepts. For example, in discussions of Ohm’s law the
reader is not burdened with irrelevant computations of circuit parameters. Instead,
the text shows how Ohm’s law provides the basis for understanding EEG-based
problems such as why low impedance leads are essential and how a modern
impedance meter is able to measure the impedance of a single electrode by hooking
it up in series with all the other EEG electrodes connected in parallel. Secondly, the
text leaves out all but essential detail. Aside from material that is of historical interest,
the criterion for inclusion is whether the material is essential for understanding the
concepts. At the same time, special care was taken to avoid the risk of becoming sim-
plistic. Thirdly, the text focuses on topics that are directly relevant to the recording of
EEGs and to the understanding of the fundamental principles upon which EEG
interpretation is based. A case in point is the Chapter 12 discussion of the principles
of localization.

The text is intended for a wide and varied audience interested in electroen-
cephalography. It requires no special knowledge beyond a familiarity with simple
algebra and the elements of biology. To simplify presentation of the material, refer-
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ences to relevant literature, for the most part, have been left out. Chapter 19 and
Appendix 7 are notable exceptions, mainly because they deal with newly-emerging
areas of interest for which reference sources may not be readily available.

Chapters 1-9 comprise a useful primer for the beginner learning to record clinical
EEGs for the first time. Those with some previous experience in EEG should also find
these chapters useful, primarily as a review of essentials or a fresh way of thinking
about the topics concerned. EEG technologists preparing for Board Examinations
will find Chapters 10, 11, and 12 and Appendix 2 particularly helpful.

Chapters 10-16 and 21 were written with neurology residents who are just starting
their EEG training in mind. The normal features of the EEG and some of the better-
known, most-frequently encountered abnormalities are discussed and illustrated in
Chapters 14 and 15. Chapter 21 briefly discusses the use of EEG in clinical diagnosis
and its relationship to other neurologic tests; but detailed questions of interpretation
are not taken up. Such matters are considered in more advanced, specialized texts.
However, taken together with Chapters 1 and 2—which deal with background
material and basic electrical concepts — this material provides the essentials for train-
ing of neurology residents as well as the elementary basics for training of EEG fellows.

The text includes a chapter each on the topics of seizure monitoring and average
evoked potentials. In recent years, these have become important tools for the neuro-
diagnostician. A unique feature of the text is the inclusion of two chapters dealing with
the topographic mapping of brain electrical activity. These chapters, which take up
the basics of this exciting new method, will be of interest to anyone doing research in
EEG and cortical evoked potentials as well as to clinical neurologists seeking new
ways of interpreting the electrical activity of the brain.

Frank H. Duffy
Vasudeva G. Iyer
Walter W. Surwillo

Preface
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Chapter 1

Brain Electrical Activity:
An Introduction to EEG Recording

The ability to generate electrical activity is a common if
not ubiquitous property of living tissue. The electrical
activity produced by the heart and recorded in the elec-
trocardiogram (ECG) and the electrical activity generated
by muscles and recorded in the electromyogram (EMG)
are familiar examples. Less well known is the fact that skin,
stomach, and gut also produce electrical activity. Electri-
cal activity has even been observed in plants. In view of this
knowledge, it is not surprising that the brain should also
generate electrical activity.

Historical Perspective

The existence of electrical activity and its association with
life processes has intrigued and mystified scholars for more
than two centuries. In the late 18th century an Italian
physiologist, Luigi Galvani, made some remarkable obser-
vations while working with frogs’ legs. Galvani noticed that
the leg of a frog would contract violently when the nerve
going to the muscle was touched by a brass or copper wire
that was connected to an iron wire that made contact with
the muscle. Galvani believed the muscle contracted
because it was stimulated by “animal electricity” present in
the tissue and conducted over the metal wires and nerve.
But a contemporary scholar, the physicist Allesandro Volta,
proved that Galvani’s explanation of the phenomenon was
wrong.

Volta demonstrated that the electrical current in Gal-
vani’s experiment was produced not by animal tissue but
by the contact of the two dissimilar metals placed in a
moist or liquid environment. Out of this work the electric
battery or Volta’s pile was born. The great significance of
Voltas finding for the scientific community of the times
can be appreciated by the fact that in the early 1800s, Volta
was called to Paris to demonstrate his discovery to
Napoleon Bonaparte. The events of this dramatic occasion

were recorded in a painting by the French artist Alexandre
Fragonard.

Despite the apparent setback, scientific interest in
animal electricity or bioelectricity, as we call it today, con-
tinued. The realization that electrical activity of living tis-
sue could be used as a sign of its function came in the mid
19th century. In 1848 Du Bois-Reymond, a German phys-
iologist, demonstrated that an electrical signal occurred
concomitantly with the passage of a nerve impulse. Of his
remarkable discovery, Du Bois-Reymond said, “If I do not
greatly deceive myself, I have succeeded in realizing in full
actuality the hundred years’ dream of physicians and phys-
iologists, to wit the identification of the nervous principle
with electricity”

Du Bois-Reymond’s research served as an incentive to
Richard Caton, a British physiologist. Caton reasoned that
if activity in a peripheral nerve was accompanied by elec-
trical activity, then a similar phenomenon might also occur
in the brain. In 1875 Caton reported on some experiments
done with monkeys and rabbits. These experiments
demonstrated the existence of feeble electric currents in
the brains of the animals. Nearly 50 years passed, however,
before similar attempts were made to find out whether the
human brain also generated electric currents.

Hans Berger, a German clinical neuropsychiatrist at the
University of Jena, was the first to record the electrical
activity of the human brain. Berger coined the term “elek-
trenkephalogramm,” which is the German equivalent of
electroencephalogram or EEG. Publication of his findings
in 1929 followed years of careful, painstaking research in
which he attempted to prove the cerebral origin of the
phenomenon. However, his modest conclusion, “I there-
fore, indeed, believe that I have discovered the electroen-
cephalogram of man and that I have published it here for
the first time,” was met with disbelief and mistrust. It was
not until 1934, when Adrian and Matthews in England
repeated Berger’s experiments and confirmed his observa-



tions, that his work became accepted by the scientific
community.

Berger’s 14 published articles on the electrical activity
of the human brain contain a large number of original
observations on the EEG. Indeed, Berger was the first to
observe and accurately describe many of the features of
the EEG that we know today. He demonstrated that brain
electrical activity consists more or less of a mixture of
rhythmic, sinusoidal-like fluctuations in voltage having a
frequency of about 1 to 60 oscillations per second. The
waves most easily recognized had a frequency of about 10
oscillations per second, and these he called alpha. Alpha
waves, he reported, tended to disappear with attention.
Waves of frequencies greater than 15 oscillations per
second were designated beta. Berger observed that the
EEG had different features in neurological disorders such
as epilepsy, trauma, and tumors. He was the first to record
an epileptic seizure.

Following Berger’s pioneering work, interest in elec-
troencephalography and brain electrical activity— “brain
waves” —became widespread in the late 1930s and 1940s.
Frederick and Erna Gibbs, Hallowell and Pauline Davis,
Donald Lindsley in the United States, Herbert Jasper in
Canada, and W. Grey Wialter in England, to name a few of
the leaders, showed the importance of the EEG and its
application in neurology and neurosurgery. Since that
time, the EEG has become a routine clinical procedure of
considerable diagnostic value as well as a powerful
research tool in the neurosciences.

Recording Bioelectric Activity

There is hardly anyone who has not watched an ECG being
recorded or who has not seen the short strip of paper upon
which the ECG tracing appears. Figure 1.1 shows a sample
of the ECG. The horizontal axis in the tracing represents
time whereas the vertical axis represents amplitude or
intensity of the electrical activity from the heart; the latter
is measured in millivolts (thousandths of a volt, abbrevi-
ated mV). Like the pulse itself, the ECG is a transient
phenomenon; a spike-like burst of electrical energy that
occurs periodically, about once every second in adults.
Note in the illustration that the ECG consists of some
rapid upward and downward deflections followed by a sin-
gle, more prolonged deflection.

The ECG tracing, of course, is taken by making an elec-
trical connection between the patient’s body and the ECG
machine. This is accomplished by attaching electrodes—
wires with some kind of conducting medium on one
end —to portions of the body in the vicinity of the heart.
The other ends of the wires are plugged into the ECG
machine. With all electrodes connected in this manner,
the ECG machine is turned on and the millivolt signals

1. Brain Electrical Activity

»|

=

One Second

Figure 1.1. Sample recording of an ECG.

generated by the heart are amplified some 1,000 times
until they are sufficiently large to drive the writer units
that trace out the spikes on a moving strip of paper.

The recording of most kinds of bioelectric activity fol-
lows the same general plan. Specific methods employed
and the particular instrumentation needed in a particular
application are determined by two considerations: (1) the
magnitude (voltage) and frequency composition of the
bioelectric activity we wish to record, and (2) the nature
and sources of the unwanted signals or artifacts that may
be encountered. For reasons that will later become appar-
ent, the recording of the EEG presents a formidable
challenge to both the instrumentation and the technologist
using it.

Some Characteristics of the EEG

Earlier we mentioned that Hans Berger characterized the
EEG as a mixture of rhythmic, sinusoidal-like fluctuations
in voltage. Although this description is somewhat of an
oversimplification and does not admit of all the possible
varieties of fluctuations in voltage that can be encountered
in an EEG, it suffices as a starting point.

Sinusoidal fluctuations in voltage are described in terms
of two characteristics or parameters. First, we specify how
many oscillations or cycles occur in a standard time inter-
val. The standard time interval universally used is one
second; so we say that the sinusoidal fluctuations in voltage
have a frequency of, or occur at the rate of, so many cycles
per second. The term cycles per second is designated hertz
or Hz, in honor of Heinrich Rudolf Hertz, the 19th century



Fourier Series and Power Spectral Analysis

German physicist. If we include nonsinusoidal activity as
well, EEGs consist of voltage fluctuations in the range of 1
to 70 Hz.

Second, fluctuations in voltage are described by specify-
ing their magnitude or amplitude, and this is measured in
microvolts (millionths of a volt, abbreviated pV). A
microvolt is an exceedingly small electrical signal. From
the standpoint of instrumentation, it approaches the
smallest voltage that may be detected by conventional
methods of amplification. The amplitude of the fluctua-
tions in the EEG may range anywhere from two to several
hundred microvolts. For this reason, the EEG machine or
instrument used to record brain electrical activity is a
sophisticated device indeed. Scrupulous techniques need
to be employed by the EEG technician in order to record
these tiny signals.

Briefly defined, therefore, the EEG is a fluctuating elec-
trical signal produced by the brain. The fluctuations can
range in amplitude from two to several hundred microvolts
when recorded from electrodes placed on the scalp. As we
will see later, the waves recorded in this way originate
mainly from the surface of the cerebral cortex. Some of the
fluctuations in voltage are sinusoidal in character, some are
not; these fluctuations cover a frequency range of approxi-
mately 1 to 70 Hz. The latter is referred to as the band-
width or frequency spectrum of the fluctuations.

The EEG Frequency Spectrum

The frequency spectrum in EEG work is broken down into
four subcategories. The bands of frequencies designated
by these subcategories are identified by the Greek letters
alpha, beta, theta, and delta.

The alpha band defines electrical activity in the range of
8 to 13 Hz. This includes the “alpha rhythm” or posterior-
dominant rhythm, which is rhythmic activity normally
recorded in the awake individual. Amplitude is variable,
ranging from 5 to 100 pV, but is mostly below 50 pV. It is
best seen when the subject’s eyes are closed and under
conditions of physical relaxation and relative mental inac-
tivity. The amplitude of the alpha rhythm is attenuated by
eye opening, attention, and mental effort. Other varieties
of brain electrical activity are included in the alpha band.
One of these is the mu rhythm, which is 7 to 11-Hz rhyth-
mic activity occurring over central and centro-parietal
regions during wakefulness. The mu rhythm is attenuated
not by eye opening but by contraction of muscles on the
contralateral side of the body.

The beta band includes frequencies over 13 Hz. The
most common component of this band is the beta rhythm
—rhythmic activity consisting of a variety of frequencies
greater than 13 Hz and sometimes as high as 35 Hz. Ampli-
tude is variable but is mostly below 30 pV. Beta rhythms

3

are seen under a wide range of conditions. Very sharp tran-
sients, like spikes, usually fall into that part of the beta
band greater than 35 Hz. Spikes, sharp waves, and other
kinds of nonsinusoidal activity will be taken up later.

The theta band consists of electrical activity with a fre-
quency of 4 Hz to under 8 Hz. Theta activity is normally
seen in drowsiness and during the lighter stages of sleep,
but may also be present in wakefulness. It may be strictly
rhythmic as is the case with the alpha rhythm, or highly
irregular in character. Irregular theta activity is sometimes
referred to as being arrhythmic or polymorphic.

The delta band contains frequencies under 4 Hz. Delta
activity is normally seen in the deeper stages of sleep and
is a commonly observed abnormality in the waking state in
adults. Like theta activity, it may be either rhythmic or
irregular, in which case it is sometimes termed poly-
morphic delta. Delta activity has the highest amplitude of
any activity recorded in the EEG (amplitudes as high as
several hundred microvolts are sometimes recorded).

EEG technicians and neurology residents should
become thoroughly familiar with the different bands in the
EEG frequency spectrum. They should be able to quickly
and accurately recognize the different kinds of activity in
an EEG recording. Figure 1.2 shows some samples of the
type of activity discussed. It is important to recognize that
these sample recordings illustrate only a small proportion
of the various different features present in the EEG. This
will become apparent when we take up in greater detail
the features of the normal EEG and describe and illustrate
the more common EEG abnormalities in later chapters.

Fourier Series and Power
Spectral Analysis

We have referred to the EEG as a mixture of rhythmic,
sinusoidal-like fluctuations in voltage, and in the last sec-
tion we considered the frequencies of the principal com-
ponents recorded. At times, as when recording from a
patient who shows a persistent alpha rhythm, the wave-
form looks a good deal like a pure sine wave. At other times,
the waveform can be quite complex and bears little resem-
blance to a sine wave. Interestingly enough, such complex
patterns found in the EEG can be simulated by adding
together a number of sine waves having different frequen-
cies, amplitudes, and phase relationships. In other words,
a complex waveform can be synthesized from a number of
simpler, sine wave components.

The reverse of this procedure of synthesis of complex
patterns is known as frequency or spectral analysis. The
method of spectral analysis separates a waveform into its
different frequency components; it tells us the amplitudes
of the different frequency sine waves of which the wave-
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Figure 1.2. The four subcategories of the EEG frequency spectrum. The sample tracings show, from top to bottom, typical activity

in the beta, alpha, theta, and delta bands.
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Figure 1.3. Diagram illustrating the method of power spectral
analysis. A schematic representation of an EEG tracing of 4
seconds’ duration is shown at the top, and the bar spectra result-
ing from Fourier analysis by computer is shown directly below.
Smoothing of the bar spectra vields the power spectrum seen at
the bottom. (From Fig. 10, p. 461, of Bickford RG: Newer
methods of recording and analyzing EEGs, in Klass DW, Daly
DD (eds): Current Practice of Clinical Electroencephalography.
New York, Raven Press, 1979, by permission of the author and
publisher.)

form is composed. This method of analysis is known as
Fourier serics analysis and was devised by the 18th to 19th
century French mathematician Jean Baptiste Fourier. A
Fourier series is just one of a variety of mathematical func-

tions that are referred to as infinite series! Theoretically,
an infinite number of frequency components is needed in
order to represent a complex waveform. In actual practice,
however, an acceptable representation of the waveform fre-
quently may be obtained by combining just the first eight
or ten components in the series. Each component tells us
the amplitude of the sine wave of specified frequency that
goes into the composite. These data are then plotted, with
frequency on the horizontal axis and amplitude on the ver-
tical axis.

The component amplitudes of a Fourier series analysis
are often expressed as mean square values. When pre-
sented in this way, the resulting plot of the data is called a
power spectrum. By expressing the amplitude of each com-
ponent in terms of its mean square value, the proportion of
the analyzed waveform that is attributable to each particu-
lar frequency in the series can be determined. Figure 1.3
illustrates how an EEG tracing containing frequencies in
the delta, theta, and alpha bands becomes transformed
into a power spectrum.

It should be recognized that the power spectrum of a
waveform represents a synopsis of the frequency compo-

! Another infinite series that has been used in EEG analysis is the
Gram-Charlier series. This series differs from the Fourier series
mainly in the assumptions that are made about the waveform ana-
lyzed. Thus, whilc the Fourier series assumes that the waveform
to be analyzed is periodic — that is to say, it repeats itself exactly
at regular intervals — the Gram-Charlier series does not and can
deal equally well with aperiodic or periodic waveforms.
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nents of but a short segment—10 seconds or less—of an
EEG recording. To obtain a coherent picture of what is
going on over a longer time period, the method of com-
pressed spectral arrays was developed. With this method,
alarge number of comparable power spectra are plotted in
close proximity to each other on the same graph. When
presented in this fashion, a synopsis of the frequency com-
ponents of 10 or more minutes of recording may be dis-
played on a single page. Figure 1.4 illustrates the method;
in this case, a total of 48 power spectra are plotted together.

Despite its potential value, spectral analysis is not
employed in routine clinical EEG work. Spectral analysis,
however, is used in topographical brain mapping, a topic
that is taken up in later chapters. The interested reader can
consult more advanced texts or the EEG periodical litera-
ture for additional information.

Recording EEGs

Having thus defined the EEG and having considered
briefly some of its major characteristics, let us turn next to
one of the topics for which this text is primarily intended,
namely, the recording of clinical EEGs. Up-to-date EEG
technique involves obtaining a 20 to 30-minute sample of
electrical activity from different combinations of 21 elec-
trodes placed on the head according to the so-called 10-20
International System. Suffice it to say for the present that
the 10-20 International System is simply a plan for placing
electrodes on the scalp over specific strategic areas of the
cerebral cortex. For now let us also assume that the 21
electrodes have already been attached to a patient and
tested and are ready to be connected to the EEG machine.
After becoming familiar with the EEG machine and with
the details of recording EEGs, we will return to the matter
of electrodes, electrode placements, and recording sys-
tems. The reason for this backwards approach is methodo-
logical. Experience has shown that the rationale of the
electrode procedures used in taking an EEG is better
understood after acquiring some knowledge of the work-
ings of the EEG machine.

The EEG Machine: An Overview

Modern EEG machines are multichannel instruments.
They consist of from 8 to 24 identical channels capable
of recording simultaneously the electrical activity from as
many different pairs of electrodes. Regardless of the
manufacturer, every EEG machine consists of a number of
particular structural units. Each of these units has a clearly
defined function. In some machines, they are of modular

construction to facilitate troubleshooting and to simplify
servicing. From input to output end, the EEG machine

Figure 1.4. Compressed spectral array of a patients EEG
response to photic stimulation over the range of 1-16 flashes per
second. Starting from the bottom of the figure, the flash rate was
progressively increased, sweeping smoothly across the entire
range. Note the peaks occurring at 4-6 Hz and at 9-10 Hz. The
peaks signify the presence of high-amplitude activity at these fre-
quencies and represent instances of photic driving. A separate
series of smaller peaks can also be seen opposite the main peaks;
they represent the second harmonic response. (Taken from Bick-
ford RG, Brimm ], Berger L, et al: Application of compressed
spectral array in clinical EEG, in Kellaway P, Petersen I: Automa-
tion in Clinical Electroencephalography. New York, Raven Press,
1973, p. 59, by permission of authors and publisher.)

consists of an electrode board, electrode selectors, ampli-
fiers, filters, penmotors, and chart drive. In addition, a
power supply is included for providing electrical power to
run the different units, and an internal calibrator is fur-
nished for testing and standardization.

Figure 1.5 is a block diagram of one channel of a typical
EEG machine. Let us now briefly consider the function of
each of these units in turn. In later, separate chapters we
will discuss the design and operation of these units in some
detail.

Electrode Board

Referred to also as the lead plug-in box or input box, this
unit is a rectangular or square metal box frequently no
larger than a small paperback book. Coming out of this box
is a thick cable with a connector on the end that plugs into
the EEG console. The electrode board is the means
whereby the electrodes attached to the head are con-
nected to the EEG machine. The connection is made by
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plugging the Y16-inch diameter pin plugs on the ends of
the electrode wires into mating pin jacks found on the
front panel of the electrode board. These jacks are identi-
fied by the symbols used in the 10-20 International Sys-
tem, or are simply numbered. Several spare jacks are also
included as well as jacks for connecting nasopharyngeal
leads. The spare jacks have a variety of uses, among which
are connecting electrodes for recording the patient's ECG
or hooking up leads for recording his/her eye movements.

Electrode Selectors

We have said that to record the clinical EEG, a total of 21
leads is attached to the scalp over various strategic areas of
the cerebral cortex. As we will see in the next chapter, elec-
tric currents flow in a circuit, not in a single conductor.
This means that a pair of electrodes has to be connected to
each channel of the EEG machine in order to record brain
electrical activity. The process of recording from a pair of
electrodes in an EEG channel and the recording obtained
thereby is referred to as a derivation. With 21 electrodes to
work with, it is obvious that many different derivations are
possible.

To obtain an adequate sample of the electrical activity of
all of the brain, it is necessary to record from many differ-
ent derivations —more than can be displayed at one time
even on a 24-channel EEG machine. For this reason,
several different runs are required when taking an EEG,
and a switching system is necessary to connect the various
pairs of electrodes to the different channels of the
machine. This function is performed by the electrode
selectors or electrode-selector switches. These switches
are designed for maximum flexibility so that the input con-
nections to each channel of the machine may be con-
nected to any combination of two of the 21 electrodes
attached to the patient.

A particular arrangement by which a number of differ-
ent derivations is recorded simultaneously on an EEG
record is referred to as a montage. A variety of different

montages are used in EEG recording. Derivations and
montages are taken up in detail in a later chapter on
recording systems. For now, we would like to mention that
some EEG machines have a montage switch or master elec-
trode selector. Such a device permits the EEG technician
to change from one montage to another simply by indexing
a single switch from one position to another. This greatly
reduces the possibility of technician error in setting up the
machine. It also saves considerable time since in the case
of a 16-channel machine, the technician may have to repo-
sition a total of 32 switches to change from one montage to
another.

Amplifiers

Amplifiers are the heart of the EEG machine. For present
purposes, let us say that an amplifier is simply a device for
increasing the magnitude or amplitude of a voltage
without introducing distortion.

In an earlier section of this chapter, we stated that the
EEG contains fluctuations in voltage that are exceedingly
small. This is especially true in the case of brain death
recordings in which voltages of the order of 2 uV are
encountered and need to be detected. To deflect the pens
on an EEG machine, signals of the order of volts are
required. This means that amplifications in the range of
100,000 to 1 million times are commonly found in an EEG
machine. To achieve this degree of amplification, more
than one amplifier is needed in each channel of the EEG
machine. And so we find that each channel contains
several “stages” of amplification.

The final stage of amplification is referred to as the
power amplifier to distinguish it from the others, which are
voltage amplifiers. The purpose of the power amplifier is to
increase the current level of the amplified signal. This is
necessary because it takes power as well as voltage to drive
the penmotor, and power is equal to the product of voltage
times current.
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Although some of the fluctuations in voltage seen in the
EEG can be very small, indeed, others may be quite
large —several hundred microvolts in amplitude. In other
words, the EEG is an electrical signal that has a wide
dynamic range. Now what happens if an amplifier designed
to handle signals in the 5 to 50-puV range is confronted with
voltages that are five times as large? That some kind of
untoward event takes place is intuitively obvious. In
instrumental language, the amplifier “blocks,” and the sig-
nal becomes distorted so that the output is no longer a
faithful, amplified copy of the input.

To avoid distortion and to accommodate the wide
dynamic range of the voltage fluctuations in the EEG, the
amplifiers are provided with a means of changing amplifi-
cation or “gain.” So you find that each channel of an EEG
machine has a conveniently placed switch for doing this.
By increasing the gain of a channel, you increase the total
amplification available, with the result that the amplitude
of the voltage fluctuations traced out on the chart appears
larger. The reverse happens when the gain is decreased. In
most EEG machines, gain is referred to as sensitivity and is
expressed in microvolts per millimeter deflection. This
means that as gain increases, a millimeter corresponds to
fewer microvolts and vice versa, so that gain and sensitivity
defined in this way are inversely related. Machines having
a large number of channels incorporate a master gain
switch or all-channel-control switch so that the amplifica-
tions of all the channels may be changed simultaneously.
Aside from being a convenience, this feature allows the
EEG technician to minimize distortion by changing chan-
nel sensitivities quickly.

The amplifiers in the EEG machine are designed so they
have the same distortionless output over the entire EEG
frequency spectrum. This means that if the amplitude of
theta activity present at a patient’s scalp is four times
greater than the amplitude of the patient’s beta activity,
then the amplitudes of theta and beta activity in the EEG
tracing will stand in the same relationship to each other. To
say the same thing but in more general terms, the gain of
the amplifiers is independent of frequency over the EEG
frequency range.

Filters

By attaching EEG electrodes to the head of a patient and
connecting them to an EEG machine, the EEG technician
expects to record the patient’s brain electrical activity. In
point of fact, however, brain electrical activity is not all that
he or she will record. As we noted earlier, a variety of
different kinds of living tissue generates electrical activity.
Because the EEG electrodes placed on skin and scalp may
be either over or in the vicinity of some muscles of the
head and face, skin and muscle become sources of con-
taminating electrical activity in the EEG. The eyes are also

an intrinsic source of contaminating electrical activity. The
same is true of the heart, which generates a voltage large
enough to be detected almost anywhere on the surface of
the body. Such kinds of activity present in an EEG record-
ing are collectively referred to as artifacts.

All sources of artifacts in the EEG are not intrinsic. The
EEG can be contaminated by artifacts from extrinsic
sources —electrical activity originating outside the
body—as well. Such artifacts come from a wide range of
different devices: x-ray equipment, relays and solenoids in
avariety of different instruments, cardiac pacemakers, Ivac
pumps, and winking fluorescent lamps, to name some of
the more familiar sources. The most common extrinsic
source of artifact, however, is the 120- and 240-V electric
power lines that are present almost everywhere. These
lines radiate 60 Hz electrical activity that is readily picked
up and amplified by an EEG machine.

Since artifacts represent contaminating and hence
unwanted electrical activity in the EEG recording, they
need to be eliminated. The most effective and straightfor-
ward way of accomplishing this is to remove the source. In
some instances, however, this is not practical and in others
not even possible. Thus, for example, while it is possible to
paralyze the muscles of the body with curare-like drugs,
such methods of eliminating muscle activity are feasible
only under the most unusual circumstances when the
patient is on a respirator. Similarly, a 60-Hz artifact is read-
ily eliminated by removing the 60-Hz power lines in the
vicinity and operating the EEG machine on batteries. But,
then, how would the electric lights be operated?

So we find that in EEG technology, the most direct
method of getting rid of artifacts in recordings is not always
feasible. Other techniques need to be applied to the
problem. One such method uses a device referred to as a
filter. Speaking in broad, general terms, filters are devices
that selectively remove some components or ingredients of
a mixture from other components or ingredients. Familiar
examples are a sieve for separating large peas from small
ones or a piece of filter paper for separating particles from
a suspension.

The filters on an EEG machine are discussed in detail in
a later chapter. For now it is sufficient to say that an EEG
filter is an electrical or electronic circuit that is able to pass
or transmit some frequency components in the electrical
signal picked up by the EEG electrodes while rejecting or
attenuating others. In other words, an EEG filter is a
frequency-selective device that permits some frequency
components to pass on and be amplified while other com-
ponents are removed or diminished in amplitude. There
are three different types of filters on modern EEG
machines. There is the low-frequency filter that attenuates
frequencies at the low end of the frequency spectrum but
allows frequencies at the high end to be amplified. This is
referred to also as a high-pass filter. The high-frequency
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Figure 1.6. Basic function
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filter does just the opposite; it attentuates frequencies at
the high end of the spectrum but allows frequencies at the
low end to be amplified. Filters that perform this function
are also called low-pass filters. Finally, many up-to-date
EEG machines have a 60 Hz “notch” filter for reducing the
artifact due to the presence of power lines in the vicinity of
the patient. Figure 1.6 shows the effect of the high- and
low-frequency filters on the EEG frequency spectrum.

The high- and low-frequency filters on an EEG machine
are variable filters. This means that you can select the par-
ticular point in the frequency spectrum at which they
begin operating—the so-called “cutoff point” or “roll-off
point”” In Fig. 1.6 the vertical arrows show the positions of
some cutoff points in relation to the EEG frequency spec-
trum. Details are taken up later in the chapter on filters.
Adjustment of the filters is accomplished by changing the
position of a multiposition switch on each of the amplifiers;
one switch is provided for the low-frequency filter and one
for the high. In this way the EEG technician is able to
adjust the high- and low-frequency cutoff points indepen-
dently, and in so doing determine the bandwidth of the
amplifier. As with the gain controls, some EEG machines
have all-channel controls for the low- and high-frequency
filters as well. The 60-Hz filter is controlled by a two-
position filter-in, filter-out switch. In some machines the
notch filters may be subjected to all-channel control just
like the other filters.

It should be apparent that the filters are effective in
eliminating unwanted signals from the EEG tracing if and
only if the frequency characteristics of the unwanted signal
are different from those of the desired signal. This is
because filters are frequency-selective devices. The result,
of course, is that artifacts in the delta, theta, alpha, and beta
frequency bands cannot be reduced by filtering without
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also reducing the brain electrical activity as well. For-
tunately, the electrical activity of skin and of muscle falls,
respectively, in the low and high ends of the EEG fre-
quency spectrum so that filtering becomes a practical way
of eliminating these unwanted signals from the EEG
record.

Aside from eliminating artifacts, the filters on the EEG
machine may also be used to accentuate certain features of
the EEG, which is discussed in the separate chapter on
filters.

Penmotors

The penmotors are at the output or busirtess end of the
EEG machine. There is one for each channel, and they
“drive” the pens that trace the voltage fluctuations in the
EEG on the chart. The penmotor is quite properly named,
for it is indeed a motor; a special kind of motor in which
the armature rotates back and forth but never turns more
than a fraction of a full circle. When the sensitivity of the
amplifier driving the penmotor is correctly set, the deflec-
tions of the penmotor accurately describe the voltage fluc-
tuations in the EEG.

As we will see later, the penmotors employ very strong
permanent magnets in their design. Ordinary timepieces
are easily magnetized by the strong field from these mag-
nets. For this reason, you should avoid wearing your watch
or avoid keeping any timepiece close to the penmotors
unless they are solid-state digital devices or are specifically
designated as being antimagnetic. Failing to do this will
cause the watch or clock either to stop running or to run
erratically until it is demagnetized.

Penmotors are sometimes referred to as electrical-
mechanical transducers. A transducer is any kind of device
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that can change energy from one form to another, and the
penmotor changes electrical energy to mechanical energy.
It will be apparent that an electrical generator, which
produces electricity, does the exact opposite and is
referred to as a mechanical-electrical transducer. The
same is true also of a microphone. It picks up the mechani-
cal energy (vibrations) in a person’s voice and transforms
them into an electrical current.

Chart Drive

The chart drive pulls the paper chart (upon which the
EEG is recorded) under the pens and through the
machine, depositing it finally in the take-up tray. It does
this at a highly accurate speed and with a minimum
amount of weaving back and forth. One of the first things
that the EEG technician-in-training learns is how to load
paper into the chart drive. Chart paper comes in fan-
folded or “accordion-folded” packs. Note that the chart
paper is perforated at the folds; this is so that the pages fold
easily and can be separated readily. A full pack usually
consists of 1,000 pages, and they are numbered consecu-
tively like the pages in a book. These numbers are a con-
venience; knowing the chart speed, the EEG technician
can estimate the time duration of the recording simply by
determining how many pages have gone through the
machine. The page numbers may also be used to identify
the location of interesting or particularly noteworthy
events in a recording.

The chart drive has a control lever or a row of push
buttons that allow the technician to change paper speed
easily. Standard EEG chart paper speed is 30 mm/s. The
reasons for settling on this particular speed will become
apparent later. All EEG machines have, in addition, a
slower and faster paper speed: usually one-half standard
speed or 15 mm/s, and twice standard speed or 60 mm/s,
respectively. Some machines provide for still other chart
speeds as well, but these are not essential for routine clini-
cal EEG recording.

It is important to recognize that the accuracy of the
chart paper speed is of the utmost importance. Chart
speed provides the time base in the EEG tracing. In practi-
cal terms, this means that the accuracy of our estimates of
frequency of the brain electrical activity recorded on the
chart is dependent upon the accuracy and reliability of the
chart speed. Methods whereby this important machine
parameter may be checked are taken up later.

Power Supply

The EEG machine contains a variety of electrical and elec-
tronic devices that require electrical energy to operate.
But the circuits cannot operate on the 60-Hz, 120-V AC
that is available from the power lines. They require low vol-

tage DC instead. The power supply in the EEG machine
provides this.

At the input end of the power supply is the thick line-
cord with a three-prong connector on the end that plugs
into a 120-V AC outlet. You can think of the power supply
simply as a device that takes in 120-V AC house current at
one end and puts out 12-V DC, accurate to very close
tolerances, at the other. The power supply does this by
transforming the 120-V AC to a lower voltage, converting
the AC to DC by a process called rectification and smooth-
ing, and finally regulating the 12-V DC output so that it is
not only accurate but also stable. Details of this process
need not concern us. Operation of the power supply is con-
trolled by the main “power on” switch that is located in a
prominent place on the machine console.

Calibrator

As we already know, the electrical activity of the brain
recorded in a clinical EEG is measured in microvolts.
Earlier we stated that a microvolt was a very small electri-
cal signal and that the instruments used to detect low-level
voltages were quite sophisticated devices. Because such
sophisticated instruments are subject to failure, the EEG
technician needs to know on a day-to-day basis whether his
or her EEG machine is operating properly—whether it is
doing exactly what it was designed to do. This is accom-
plished by the calibration procedure.

Calibration involves feeding a signal of known voltage
and well-defined frequency characteristics into each chan-
nel of the EEG machine and observing the expected out-
put on the chart. This signal, of course, needs to fall within
the dynamic range of the EEG. A calibration is done just
before an EEG recording is started on every patient and is
repeated after the recording has been completed. These
procedures are referred to as the precalibration or “pre-
cal” and postcalibration or “post-cal,” respectively. If the
pre- and postcalibrations are satisfactory and yield identi-
cal tracings, we conclude that the EEG machine was func-
tioning properly during the actual recording of the EEG.
This assumes, of course, that nothing changed and then
changed back again in the interval between the pre- and
postcalibrations. Such intermittent faults or failures can
occur and will be missed if they fail to show up during
calibration. But in practice, it is usually only a matter of
time before they are discovered.

All EEG machines have an internal voltage calibrator
situated on the console. To perform a calibration, a number
of simple steps are carried out. First, you need to connect
the input of each channel of the EEG machine to the
calibrator circuit by correctly positioning the electrode-
selector switches or the montage switch if the machine has
one. Second, you adjust the voltage of the calibration signal
by indexing the calibration level switch to a selected value.
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Table 1.1. Relationship between sensi-
tivity of an EEG channel and pen
deflection for a standard input signal of

S50uV
Sensitivity? Pen deflection
(nVIimm) (mm)
2 25
5 10
7 7
10 5
20 2.5

“Note that sensitivity and gain are inversely
related; thus, gain or amplification
decreases as the numbers in this column
increase.

The standard reference calibration signal in EEG work is
50 uV. Finally, you press and release the CAL button. In
doing so, the pens are deflected first upward and then
downward each time the CAL button is pressed and
released. Note that the pens take some little time before
returning to their original positions, so you need to wait
before releasing the CAL button. The reason for this
phenomenon and its significance are taken up when filters
and calibration methods are discussed in detail.

Certain calibration standards are followed in EEG work.
The gain setting most frequently used in recording clincial
EEGs corresponds to a sensitivity of 7 uV/mm. This
means, of course, that a 7 uV signal will deflect the pens
exactly 1 mm. Using this sensitivity setting, the standard
reference calibration of 50 uV should produce a 7 mm
deflection of the pens. In the same way it will be seen that
the standard reference calibration of 50 pV will produce a
5-mm deflection at a sensitivity of 10 uV/mm and a 10-mm
deflection at a sensitivity of 5 ©V/mm. Note that at the set-
ting of 10 pV/mm the machine has less amplification or
gain than at a setting of 5 pV/mm. Table 1.1 shows these
relationships in tabular form.

Some newer machines provide for AC or sine wave
calibration as well. Details of this method are taken up in
Chapter 6, “Calibration and Calibration Methods”

In examining the calibration record it is important to
verify that the tracings from all the channels of the
machine are alike. This is because much of the information
derived from an EEG is based on a comparison of the
recordings from left and right sides of the brain, and for
these comparisons to be valid, the channels recording
activity from both sides have to be identical. To assist the
EEG technician in recognizing any differences that may be
present between channels, it is universal practice to do a
so-called “biological calibration” This entails recording
brain electrical activity from the same pair of electrodes,
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simultaneously, on every channel of the machine. These
tracings are then examined carefully for evidences of
differences between them. More will be said about this
later.

Computerized EEG Machines

Although this term has appeared in the descriptive litera-
ture of some EEG machines, it is partly a misnomer. Com-
puterized in this context refers to the computer control
and display of EEG recording parameters, not to having
the EEG technician replaced by a computer. Modern tech-
nology and computers notwithstanding, a well-trained
EEG technician is essential for obtaining high-quality
EEGs. Nevertheless, recent developments in micropro-
cessor and microcomputer technology have had a signifi-
cant impact on the design of modern EEG machines.

The most obvious change is in the physical appearance
of some of the new models. There are virtually no more
knobs to turn or dial plates to look at. Knobs have been
replaced by touchpads, and dial plates by the screen of a
cathode-ray tube (CRT). Thus, for example, the filters are
set by pressing the appropriate touchpads and observing
the result on the display of the CRT screen. Such machines
have the convenience of being “menu-driven”; they pro-
vide for automated sequencing of montages and operations
and afford the flexibility of user-programmable montages.

While state-of-the-art changes of this kind may be of
considerable convenience to some users, they should be
recognized as conveniences and nothing else. For example,
the characteristics and operation of the low-frequency
filter and its effects on the EEG tracing are the same
regardless of whether the filter is switched in by turning a
knob or by pressing a touchpad. Moreover, the ability to
design and easily program one’s own special montages may
be of value, especially in research, but it is unlikely to have
much impact on routine clinical electroencephalography
where standardization is essential. For such reasons, these
modern developments are not considered in the chapters
dealing with the various basic structural units of the EEG
machine.

By this time it will be apparent to the reader that the
EEG machine is certainly not a simple instrument. Qur
brief survey merely serves as an introduction to what the
machine does and how it is operated. To use the machine
effectively on a routine basis, it is important to know some-
thing about how it actually functions and why it functions
as it does. But this requires some background information.
So you will find that it is first necessary to review some
basic electrical concepts. These are taken up in the next
chapter.



Chapter 2

Basic Electrical Concepts

In the brief survey of the EEG machine in the last chapter,
many terms relating to electrical phenomena were used.
We encountered terms like electric current, voltage, AC,
DC, and electric circuit, to name a few. Thus far, these
terms have gone undefined. To understand how the EEG
machine does its job, some knowledge of these and other
electrical concepts is essential. This is not to say that the
EEG technician or neurology resident need to become
adept in the area of physics, electronics, and electrical
engineering. On the other hand, without some under-
standing of these concepts the EEG machine becomes a
strange and mysterious device rather than a practical tool
for recording a patient’s EEG.

But this is not the sole reason for the present chapter.
The EEG is itself an electrical phenomenon; an electrical
sign of cortical activity. Much of today’s knowledge of the
EEG and of brain function in general came about as the
result of important advances in physics, electronics, and
electrical engineering. Indeed, it has been said that sig-
nificant advances in neurophysiology have gone hand in
hand with significant developments in these related areas.
This being the case, it is appropriate for those concerned
with the technology and practice of clinical electroen-
cephalography to know something about electrical
phemonena per se.

Electrical Currents

When we use the term “electrical activity” in speaking of
the EEG, what we really are talking about is an electric cur-
rent. What exactly is an electric current? For most of us, an
electric current is what makes our lamps light and our
motors run. Is this current the same kind of thing that is
generated by the brain?

The physicist says that an electric current is a flow of
electrons —a flow of negatively-charged particles in a con-
ducting medium. To understand what this means and how

it comes about, we need to review briefly some of the
basics of atomic structure.

Atomic Structure

We know that all matter is made up of atoms. These minute
particles, which are arranged in an organized structure
called a molecule, consist of various kinds of elementary
particles. Only the two major kinds of elementary parti-
cles, the protons and electrons, need concern us here. They
are largely responsible for the electrical properties of
substances.

The atom has an interesting structure. At its center is a
relatively small nucleus that contains practically all of the
weight of the atom. The particles called protons reside
within the nucleus, and they carry a positive electrical
charge. Surrounding the nucleus are tiny particles bearing
a negative electrical charge; these are the electrons.
Because unlike electrical charges attract each other, the
electrons are attracted by and bound to the nucleus. The
total negative charge of the electrons in an atom is equal in
magnitude to the positive charge of the nucleus. Since
equal charges of opposite sign exactly cancel each other, an
atom is normally in electrical balance.

The protons and electrons of which all matter is con-
stituted are identical. The fact that different substances
display different properties arises in large measure from
the circumstance that the number and arrangement of
these elementary particles differ from one element to
another. It is primarily the different electrical properties of
substances that concern us here.

Conductors and Insulators

While the electrons in the atoms of various substances are
all alike, the strength with which the electrons are bound
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to the nucleus of an atom differs in different substances. In
some substances, the electrons are very tightly bound; in
others, they are only loosely bound and free to move about.
This difference is responsible for one of the important
electrical properties of a substance, namely, its conduc-
tivity. Substances or materials that have electrons that are
loosely bound to the nucleus are electrical conductors,
while substances whose electrons are all tightly bound and
not free to move from their natural positions in an atom are
insulators. From this it follows that the movement of the
electrons in a conductor is what we refer to as an electric
current.

Most metals are examples of good conductors. Copper
and silver are particularly good conductors, and this is the
reason why they are used in electrical wiring. Gold is also
an excellent conductor; because gold does not readily cor-
rode and is not toxic, it frequently is employed in EEG
electrodes. Glass, mica, and porcelain, as well as most plas-
tics, are examples of poor conductors or good insulators.
Most persons have seen the white porcelain insulators to
which the power lines are attached as they enter a house or
building. The insulators prevent the current in the wires
from leaking in unwanted directions.

Electric currents also can flow in liquid media such as
solutions. In such cases, the particles carrying the electri-
cal charge are ions. Ions and the important topic of con-
duction in liquid media are taken up when we discuss elec-
trodes in a later chapter.

Potential Difference and Voltage

Although electrons in conducting substances are only
loosely bound and hence free to move about, they normally
do not do so. To get the electrons in a conductor moving, a
force has to be applied to them. In other words, we need to
apply a potential difference between the two ends of the
conductor.

An analogy is useful in helping to understand the con-
cept of a potential difference. The electrons in a conductor
that are free to move are analogous to water in a long,
straight, horizontally positioned pipe. The water has the
capability of flowing through the pipe; but it will only drib-
ble out the ends as long as the pipe is exactly level. Only
when one end of the pipe is raised above the other end will
aflow occur. In the same way, electrons in a conductor will
flow only when the electrical charge at the two ends of the
conductor differs, that is, when there is a potential differ-
ence between the two ends. The potential difference is
measured or expressed in volts, after the Italian physicist
Volta, whose name was mentioned in the last chapter. Cur-
rent flow is measured in amperes (A), milliamperes (mA),
or microamperes (nA) after the 18th to 19th century
French mathematician-physicist André Ampere. Without
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the presence of a voltage between the two ends of a con-
ductor, there can be no flow of electrons; under such con-
ditions, current flow is equal to zero.

Resistance

How much current flows in a conductor depends upon the
voltage applied to it and upon the conductivity of the sub-
stance involved. We said earlier that there are good con-
ductors and poor conductors. A good conductor is said to
have high conductivity or to have a very low resistance to
the flow of a current. A poor conductor, on the other hand,
has low conductivity or a high resistance to current flow.
Resistance, therefore, is inversely related to conductivity,
or conductance as it is called. It is a parameter derived
from the relation between the voltage applied to the con-
ductor and the current flowing in it. We measure
resistance in ohms, in honor of the 19th century German
physicist George Simon Ohm.

Electrical Circuits

Connecting a voltage between the two ends of a conductor
constitutes an electrical circuit. This, of course, represents
the simplest kind of electrical circuit. In actual practice,
electrical circuits are somewhat more complex; indeed,
they frequently can become quite complicated. Neverthe-
less, the simple circuit does illustrate the important point
that an electrical circuit describes a continuous pathway
between the two points of a voltage source.

Figure 2.1A shows this circuit with a current-measuring
device or ammeter in series with the conductor. In this
instance a good conductor is connected up, and this is evi-
denced by the meter showing a relatively large current
flowing in the circuit. Figure 2.1B shows the same circuit
but with a poor conductor connected; note that considera-
bly less current is flowing than in the previous case. Finally,
in Fig. 2.1C, the conductor has been replaced by a good
insulator whereupon the meter indicates that no current at
all is flowing in the circuit.

We already mentioned in the last section that the
current-carrying properties of a conductor are expressed
in terms of its resistance and that resistance is measured in
ohms. For this reason, a conductor is referred to as a resis-
tor and is represented by a zig-zag line in a circuit diagram.
This is illustrated in Fig. 2.2 where the circuits shown in
Fig. 2.1 are drawn in the conventional manner with the
conductors represented by resistors (abbreviated R).

It is obvious from Fig. 2.2 that the current flowing in a
circuit decreases as the resistance increases. In other
words, with the applied voltage kept constant, the current
flowing in a circuit containing a resistor varies inversely
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Figure 2.1. Simple electrical circuit A.

containing a good conductor (A), a
poor conductor (B), and an insulator + \
Good
Conductor

(C). The arrows show the direction of
current flow.

<

Ammeter

Figure 2.2. Simple electrical circuits A.
shown in Fig. 2.1 drawn in conven-
tional format used in circuit diagrams.

Ammeter

with the magnitude of the resistance. If, on the other hand,
we kept the resistance in the circuit constant and allowed
the applied voltage to change, we would discover that the
current flowing varies directly with the magnitude of the
voltage. The relationship between current, voltage, and
resistance in an electrical circuit is defined by a famous for-
mula referred to as Ohm’s law.

Ohm’s Law

Ohm’s law states that in any electrical circuit,

voltage
current = ———
resistance
or symbolically,
\%
I ==,
R

where [ is current in amperes, V is the potential difference
in volts, and R is the resistance in ohms. As with any
algebraic formula, if you know the values of any two varia-
bles for a particular circuit, you can compute the third or
unknown variable from the formula. Thus, for example, if
in the circuit shown in Fig. 2.2B, V = 12 voltsand R =
50,000 ohms,
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I = 50.000 = 0.00024 A
Note that if you doubled V, the current, I, would also be
doubled; but if you doubled R instead, the current would
be halved.

Ohm’s law is a simple yet powerful formal rule that pro-
vides a means of analyzing simple circuits as well as many
complex circuits. Figure 2.3 shows how the simple circuit
in Fig. 2.2 may readily be made more complex by the addi-
tion of more resistors and branches with additional such
elements. The analysis of these circuits requires two addi-
tional rules relating to the way in which separate resistors
in series and in parallel are combined.

Series and Parallel Circuits

When two or more resistors are connected in series — that
is, when one is connected to another in a single chain — the
total resistance is simply the sum of the resistances of the
individual elements. This rule is expressed by the formula

Rr=R, + R, + - R,,

where Ry is the total resistance and R;, R,, . . . R, are the
resistances of the individual elements. The second rule
applies to resistances in parallel. In this case to calculate
total resistance you add together the reciprocals of the
branch elements. This yields the reciprocal of the total
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Single R Series Rs Parallel Rs

resistance from which total resistance is readily computed.
This rule is embodied in the formula

1_1,1 1
Rr ~ R, R, R,’

where Ry is the total resistance of the circuit, and R, R,,
... R, are the resistances of the individual elements in
parallel with each other.

It should readily be apparent that when resistors are in
series, the total resistance will always be greater than the
resistance of any of the individual Rs. With resistors in
parallel, on the other hand, the total resistance will always
be less than the resistance of any of the individual Rs. Why
this is so may not immediately be obvious from the for-
mula, although a simple example makes it quite clear.
Thus, if R, = 10,000 ohms and R, = 10,000 ohms, then,

1_ 1 1
Rr 10,000 ~ 10,000
1 2

Ry 10,000

Rt = 5,000 ohms

R,

By Ohm's Law,

Vi

.
- RT R|+R:+R;

Again By Ohm'’s Law,
V2 =Rzl

Figure 2.4. Application of Ohm’s law in analysis of a series circuit.
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Figure 2.3. Basic forms of series cir-
cuits and parallel circuits.

Series-Parallel Rs

In this case, Ry is one half the magnitude of either R, or
R,. The simplest way of understanding what happens with
resistors in parallel is to recognize that by adding a resistor
in parallel with another, you provide an additional pathway
for current to flow in the circuit. By Ohm’s law, you know
that the current flowing in a circuit can be increased only
by (1) increasing the applied voltage or (2) decreasing total
resistance of the circuit. With voltage remaining un-
changed, we have to conclude that adding the resistor in
parallel results in a decrease in total resistance of the
circuit.

The value of Ohm’s law and of the rules for combining
resistances in series and in parallel will become more
apparent when we discuss the topics of electrodes and
electrode impedance. In the meantime, the reader will
find it helpful for future purposes to analyze the circuit
shown in Fig. 2.4. The variable of interest is V,, the voltage,
across R,. Figure 2.4 shows the general solution for V,; as
may be seen, this involves the use of Ohm’s law and a little
simple algebra. Now, if R, and R, are very small with
respect to R,, the formula for V, is approximated by the
expression

R,V,
R, ~’

V, =

and V, will very nearly be equal to V,. As we shall see in
later chapters, this simple circuit analysis explains why in
EEG work it is necessary for the impedance of the record-
ing electrodes to be low and the input impedance of the
EEG amplifiers to be very high. But more about this later.

Circuit Parameters

Earlier, we referred to resistance as a parameter of an elec-
trical circuit. Our discussion turns now to the other
parameters that are contained in electrical circuits.
There are but two other circuit parameters. They are
called inductance and capacitance, and the associated ele-
ments are termed inductors and capacitors or condensers,
respectively. It is surprising and indeed remarkable that
electrical circuits consist only of these three parameters,
no matter how complex they may become. Of course a cir-
cuit can contain other components like diodes, transistors,
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and vacuum tubes as well; but these are active elements
and are not referred to as parameters.

Inductance is a circuit parameter of only minor interest
in the area of EEG technology. Aside from the trans-
formers and choke coils of the power supply, and the arma-
ture coils of the penmotors, there are no other inductors in
an EEG machine. Moreover, inductance does not figure as
a parameter in the electrical properties of living tissue.
Therefore, no more will be said about inductance in this
text.

Capacitance, on the other hand, is a parameter of con-
siderable interest to both the technology and the practice
of clinical electroencephalography. Not only are con-
densers essential components in the power supply and
amplifiers of an EEG machine, but they also are the
frequency-selective elements that make a filter work. We
will hear more about this later in Chapter 4. Finally, living
tissue displays electrical characteristics that resemble the
electrical properties of a capacitor. For these reasons it is
necessary to examine and to understand the electrical
properties of this circuit parameter.

Capacitance

The physicist defines a capacitor as two conductors that
are separated by an insulator. This, of course, is simply a
structural definition that is reflected in the fact that a sym-
bol used for capacitors consists of two short, parallel lines
of equal length separated by a narrow space. Of considera-
bly greater interest to the present topic, however, is the
functional definition, and here the use of an analogy will be
helpful. A capacitor or condenser has the same relation-
ship to electrons that a pail has to water. From this it may
be inferred that a condenser is capable of storing electrons.
This is indeed the case. A condenser’s storage capacity is
measured in units called farads (in honor of the 19th cen-
tury English chemist-physicist, Michael Faraday). Because
a farad is an enormous quantity, the practical unit used in
the circuits we deal with is the microfarad or millionth of
a farad (abbreviated pF or MFD).

To understand the way in which a capacitor affects the
functioning of an electrical circuit, it will be useful to
return for a moment to the other parameter of electrical
circuits that we have already discussed, namely, resistance.
For reasons that will later become apparent, we need to
address the topic of the transient response of electrical cir-
cuits.

Transient Response
The transient response of a circuit refers to the behavior of

the circuit during the interval of time that a change is
applied to it and the circuit is still adjusting to the change.
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This is the opposite of the circuit’s steady-state response,
which refers to the condition of the circuit after it has once
again settled down. You can think of transient response and
steady-state response in terms of what happens to a per-
son’s pulse rate as there are shifts in his or her level of
physical activity. While at rest, your pulse rate is, say, 60 to
70 beats per minute. Suppose that at time zero, you begin
running. What happens to pulse rate? You would find that
pulse rate undergoes a rapid, transient change, shooting up
to perhaps 100 to 110 beats per minute. As you continue to
run, pulse rate begins to drop, and after a time levels off to
perhaps 80 to 90 beats per minute once you attain your
normal pace. From then on, until fatigue sets in, it shows
only small fluctuations if you maintain a regular pace. This
is the steady-state response.

With electrical circuits, the same principles are applica-
ble. The transient response of an electrical circuit is com-
monly observed by applying an instantaneous change in
voltage to the circuit and then measuring the change in
current over the interval of time it takes the circuit to
adjust to the change. The instantaneous change in voltage
is referred to as a step function.

Let us begin by examining the transient response of an
electrical circuit containing only a resistor. Figure 2.5A
illustrates what happens when this is done. With no voltage
applied to the circuit, the current flowing, of course, is
zero. Now, let us instantaneously change the voltage from
zero to some steady, finite value. The plot of voltage versus
time in Fig. 2.5A shows this as a step increase in voltage. If
the pointer on the current-measuring meter connected in
series with the resistor had no inertia, you would see an
instantaneous change in its position from zero to some
value; there it would remain as long as the step in voltage
continued to be applied to the circuit. The plot of current
versus time shows this graphically. Note that the transient
response of the resistance to a step function is itself a step
function. In other words, the changes in current flowing in
the circuit follow the changes in applied voltage perfectly.
To put it another way, the circuit attains steady-state instan-
taneously so that, practically speaking, there is no tran-
sient response.

What happens when the circuit contains a condenser
instead of a resistor is quite different indeed. The outcome
is illustrated in Fig. 2.5B. Observe that as with the resistor,
the current changes instantaneously from zero to a finite
value when the step function is applied. It does not remain
there, however, but begins immediately to fall, first rapidly
and then slowly until it once again is zero. Note that in
doing so the condenser is displaying the characteristics of
both a conductor and an insulator. At the instant the vol-
tage is connected to its terminals, the condenser behaves
like a good conductor; but then as this voltage remains
connected, it becomes a poorer and poorer conductor
until current finally ceases to flow, and the condenser dis-
plays the properties of an insulator. This outcome is readily
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understood by referring to our analogy of the water and
pail. Assuming that the pail is an enclosed container that
cannot overflow, the water will cease to flow in as it
becomes filled. In much the same way, the flow of current
in the condenser ceases when the condenser becomes
filled with electrons or “charged”

The transient response of a capacitor, therefore, is quite
different from the transient response of a resistor. While
the resistor allows current to flow exactly in phase with the
applied voltage, the capacitor exerts a counteracting force
upon the flow of current set up by the change in voltage.
For this reason, capacitance is considered to be a reactive
element, and condensers are referred to as capacitive reac-
tance in a circuit. We will go into the question of how
capacitive reactance is measured later in this chapter in
the section on impedance.

After the transient response is over and steady-state has
been achieved, note that current through the condenser is
zero. In other words, a condenser behaves like an insulator
or an “open circuit” to a steady or unchanging voltage. This
characteristic is of considerable practical value as it means
that a condenser can be used in a circuit to block a steady
voltage. As we will see later in a chapter on the differential
amplifier, the various stages of amplification in an EEG
machine are commonly coupled together by means of con-
densers. When used in such an application, the con-
densers are referred to as blocking capacitors.

What happens to the transient response as we increase
the size of the capacitance? This is shown in Fig. 2.5C.
Note that although the current level attained is the same as
was the case with C, in the circuit, the current falls at a
much slower rate. This happens because the larger
capacitance has a greater capacity for storing electrons

TOJ—M N

Time —»

2. Basic Electrical Concepts

C. Figure 2.5. Transient response
of electrical circuits contain-
ing (A) resistance only, (B) ca-
pacitance only, (C) capaci-
tance only with C, greater
than C,.

and, hence, takes longer to fill up or become charged. The
fact that the condenser is actually charged may be demon-
strated by connecting it to a voltmeter and observing that
a voltage is present between the two terminals. Since very
large condensers can store large numbers of electrons,
they are capable of generating large currents when dis-
charged. Charged condensers, therefore, constitute a
shock hazard and can be potentially dangerous if you hap-
pen to touch their two terminals simultaneously; for this
reason, they should be handled very cautiously.

Series R-C Circuit

In the last section we saw that the transient response of a
capacitor to a step function was described by a current ris-
ing instantaneously to a maximum and then falling off to
zero, first rapidly and then more slowly. We now consider
the transient response of an R-C circuit—a circuit con-
taining both resistance (R) and capacitance (C) in series.
This is an extremely important circuit for the EEG
specialist to know about since such circuits are incorpo-
rated in the frequency filters on the EEG machine.
Figure 2.6 gives the circuit diagram of a series R-C cir-
cuit and shows the response of this circuit to a step func-
tion. As in the case of a circuit containing only capacitance,
the current rises instantaneously to a maximum value and
then falls off, eventually returning to zero. Note in the plot
of current versus time that the maximum value of current
is equal to V/R, a value that looks like the right side of
the equation for Ohm’s law. The mathematical function
describing the way in which the current varies with time is
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Figure 2.6. Transient response of a series R-C circuit.

referred to as a decaying exponential. It is given by the
formula:

I = I‘—{/E— (t/RC)

where V = applied voltage, R = resistance, C = capaci-
tance, t = time in seconds, and £ is the Napierian constant,
the number 2.718. . .!

While seemingly complex at first glance, this formula is
relatively simple when you consider it by parts. Thus, the
first part, I = V/R, is the now familiar Ohm’s law. The rest

1'The mathematically sophisticated reader familiar with the cal-
culus may be interested to learn the origin of this equation. We
already know that for a circuit containing resistance alone, the
current flowing in the circuit varies directly with the applied vol-
tage and inversely with the resistance. In other words, I = V/R. In
the case of a circuit containing only capacitance, the current
varies directly with the capacitance and with the rate of change of
the applied voltage. This means that time is a significant variable
and current has to be expressed as a derivative of voltage. The
equation for the current, therefore, is:

I = CdVidt

Putting the two parameters together, the basic voltage equation
for a circuit with R and C in series is:

t
RI+ () [ 1dt =V
0
Differentiating this equation with respect to t yields:
Rdldt + 1/C = 0
From which

I = (V/R) g~ (WRO)
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Figure 2.7. Time constant of a series R-C circuit.

of the formula corresponds to the quantity € taken to an
exponent, or 2.718 - (/RO_Since the exponent is negative,
this quantity will always be equal to 1 or <1. Observe that
when the time t is equal to zero, the whole exponent also
is zero and the quantity 2.718 - (RO js equal to exactly 1
(remember that any number taken to an exponent that is
zero is always equal to 1). Therefore at the instant the vol-
tage is applied to the circuit, I = (VR) x 1 or I = V/R.
For values of t greater than zero, the current is equal to
some fraction of V/R. Note that the current becomes
smaller and smaller as ¢t becomes larger and larger. Theo-
retically, current approaches but never reaches zero; for
practical purposes, however, it is equivalent to zero within
the span of several time constants. This term is taken up in
the next section.

Time Constant

It will be clear from an inspection of the equation for
current in the series R-C circuit that the rate at which the
decaying exponential falls depends on the value of the
exponent, which, in turn, depends on the values of R and
C in the circuit. When RC (the product of R and C) is
large, the negative exponent is small and the current will
fall to zero slowly. On the other hand, when RC is small,
the negative exponent is large and the current falls more
rapidly.

The rate at which current falls to zero during the course
of the transient response is conveniently expressed by the
term time constant. The time constant of a circuit is the
length of time it takes the current to make 63% of its total
transition from initial state to steady-state. This is illus-
trated for the series R-C circuit in Fig. 2.7. Notice that
another way of looking at the time constant derives from
the fact that it corresponds to the time at which the cur-
rent is only 37% of its initial value. In terms of the circuit
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parameters, the time constant is equal to the product of R
and C.2

AC and DC

Most everyone has at one time or another noticed the iden-
tifying plaques that are affixed to electric irons, hair dryers,
and a variety of other electrical appliances. Many of these
plaques carry the warning “for use on 120-V AC only” The
AC, of course, stands for alternating current, while the 120
V refers to the voltage of the electric power that is almost
universally available from the wall, floor, and ceiling out-
lets in homes, offices, and hospitals. But what exactly is
alternating current?

One way of approaching this question is to consider first
the opposite of AC, namely, direct current or DC. Direct
current is current in which the flow of electrons is in one
direction only. It results when you apply a steady voltage to
a circuit. Batteries are the most common source of DC;
they produce DC electrochemically. Various different
kinds of batteries capable of generating a wide range of vol-
tages are available. They are found in automobiles, radios,
flashlights, and other appliances. Despite the differences
in their physical appearance, all have one characteristic in
common: they provide a constant voltage so that the cur-
rent flowing in the circuit to which they are connected
moves in only one direction.

Alternating current or AC is a pulsating or fluctuating
electric current that alternately flows in one direction and
then in another. It results when an alternating voltage is
applied to a circuit. Alternating current is usually pro-
duced by electric generators — huge rotating machines — at
electrical power stations. As is the case with DC, we also
speak of the voltage of an AC source. But because the vol-
tage fluctuates or alternates, it is also necessary to specify
the frequency of the alternation. The electricity used every

2The reader may demonstrate this fact for him or herself by some
simple algebra. From the last section we know that current in a
series R-C circuit is:

I = (V/R) g~ (WRO)
Setting t = RC, we have
I = (V/R) ¢~ (RCRO)
= (VIR)e™!
= (V/R) x (llg)
Since € = 2.718,
1
1

(VIR) x (1/2.718)
0.37 (V/R),

]

which means that when t = RC, the current is 37% of its initial
value.
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day in homes, hospitals, and industry is 120-V 60 cycle or
60 Hz AC. Because AC is cheaper to produce than DC and
also because it can be transmitted by power lines over long
distances more efficiently than DC, AC is used in prefer-
ence to DC as an energy source.

A 60 Hz AC completes one full cycle in 1/60 second (ie.,
0.0167 second). It flows in a positive direction for half the
time and a negative direction for the remaining half cycle.
The changes in voltage with time are sinusoidal, that is,
they are described by a sine curve.

It is important to recognize that AC does not refer only
to 60 Hz AC — the electrical energy that lights our homes
and powers our appliances. Alternating current has a much
broader meaning. The EEG is AC. It is not strictly sinusoi-
dal, but it is AC nonetheless. The electric current gener-
ated by a microphone, an audio disc or tape, and a video-
tape is also AC. As a matter of fact, most sources of electric
current are classified as AC sources.

AC Circuits

Thus far in this chapter, we have dealt only with the
behavior of electrical circuits when a steady voltage is
applied and with the transient response to a single, instan-
taneous change in voltage. All this falls under the heading
of DC circuit analysis. We now turn to the topic of AC cir-
cuit analysis to examine the behavior of the same circuits
when alternating instead of steady voltages are applied to
them. We will deal only with the steady-state response —
the response after any transients associated with connect-
ing up the circuit to the source of voltage have subsided.

If all the circuits that we needed to deal with contained
only the parameter resistance, our discussion could
quickly be terminated. For circuits containing resistance
only, Ohm’s law applies regardless of whether AC or DC is
involved. A resistor behaves in the same way regardless of
the frequency of the current flowing. In other words,
resistance is independent of frequency of the current flow-
ing in a circuit. If, however, a capacitor is added to the cir-
cuit so that C is in series with R as in Fig. 2.6, Ohm’s law
needs to be modified. The formula in this case is changed
to

\%

1=

where Z is equal to the impedance of the circuit.

Impedance

The concept of impedance is important for the EEG
specialist to understand. He or she deals with it on a
daily basis whenever EEG leads are attached to a patient
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or when an EEG recording is interpreted. Thus, the
EEG technician measures the impedance of each lead
or each pair of leads before starting to take a recording.
She/he knows that the impedance has to be low but not
too low in order to obtain a satisfactory record. Simi-
larly, the person interpreting the record needs to know
that lead impedances were comparable whenever sig-
nificant amplitude asymmetries show up in the tracings.
With all this in mind, let us proceed with a discussion
of impedance.

Impedance of an R-C circuit is the combined effect that
the two parameters of resistance and capacitance have on
the flow of current produced when an alternating voltage
is applied to the circuit. Mathematically, impedance is

equal to
6 \2
Z = JR® + ( I )

2nfC

where R is the value of resistance in ohms, C the value of
capacitance in UF, f the frequency of the alternating vol-
tage in Hz, and = the familiar constant that is equal to
3.14. .. The term 10%/2xfC is referred to as the capacitive
reactance.

As is the case with resistance, Z the impedance is also
measured in ohms. Let us consider the formula for Z care-
fully and list what it tells us about the characteristics of Z:

1. The value of Z depends on the values of the three quan-
tities, namely, R, C, and f.

2. If C and f are held constant, Z varies directly with R.

3. If R and f are held constant, the term 108/2nfC or the
capacitive reactance increases as C decreases and vice
versa, so that Z varies inversely with C.

4. If R and C are held constant, the capacitive reactance
increases as f decreases and vice versa, so that Z varies
inversely with f. Note particularly that as f approaches
zero, Z becomes very large indeed. In the limit when
f = 0, the applied voltage is no longer alternating but
becomes steady; under these conditions we are dealing
with DC not AC, and the rules of DC circuit analysis
would apply.

Let us summarize. Impedance is a frequency-sensitive
quantity. Z varies with changes in frequency of the applied
voltage as well as with changes in C and R. For this reason
it is necessary to specify the particular frequency of the
applied voltage whenever we talk about impedance. Thus,
for example, we say that a particular circuit has an
impedance of 10K ohms at 30 Hz. This property of
impedance is uniquely due in the series R-C circuit to the
capacitive reactance — to the presence of the capacitor. As
we will see in a later chapter, this property of capacitance
is the basic principle upon which the operation of the
filters on an EEG machine is based.
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Computational Example

The fact that differences in frequency have a profound
effect on impedance is readily apparent from a simple
example. Suppose in series R-C circuit (Fig. 2.6) that R =
10K ohms and C = 1 pF. What is the impedance at 1 Hz?
The answer is obtained by substitution of these values in
the formula for Z. Thus,

Z =R+ (1— r
2nfC
_ 5 108 )2
- oy +(2x3.14x1x1
_ e L [V
- oy + (6.28)

JI08 + 159,2362
159,550 ohms

The reader should verify, by similar computation, that
impedance at 35 Hz is equal to 10,986 ohms. Note that
there is nearly a 15-fold difference in impedance at fre-
quencies of 1 Hz and 35 Hz.

Frequency Response

The fact that impedance of a circuit varies with frequency
finds expression in an important measure used to charac-
terize the behavior of electrical circuits. This measure is
the frequency response of a circuit. Whereas the transient
response of a circuit is its response to an instantaneous
step change in applied voltage, the frequency response is
the response of the same circuit to an alternating applied
voltage of constant amplitude that is allowed to vary in fre-
quency. The frequency response of a particular circuit is
reported as a frequency-response curve, the points for
which are obtained by measuring the amplitude of the out-
put voltage when voltages of different frequency but the
same amplitude are applied to the input of the circuit.
The concept of frequency response will be familiar to
readers who own or have used high-fidelity audio repro-
duction equipment. We know that sounds correspond to
mechanical vibrations and that pitch is related to the fre-
quency of these vibrations. Audible sounds have a fre-
quency range of 20 to 20,000 Hz. Audio-reproduction sys-
tems simply pick up the mechanical vibrations via a
microphone or phono pick-up, convert the vibrations to an
alternating electrical voltage, amplify them, and then con-
vert them back to mechanical vibrations in a loudspeaker.
The fidelity of such systems is expressed by the frequency-
response curve. Systems that reproduce music at very high
fidelity have a frequency-response curve that is essentially
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Figure 2.8. Frequency response of a series R-C circuit.

flat from 20 to 20,000 Hz. Low-fidelity systems, on the
other hand, severely attenuate frequencies at both ends of
the frequency spectrum so that the range of audible fre-
quencies actually transmitted may be limited to only 100
to 8,000 Hz.

Although the frequency response of a circuit may be
obtained empirically by applying an alternating voltage of
variable frequency but constant amplitude to the input and
then measuring the amplitude of the output, we may also
calculate the frequency response from the circuit param-
eters. Figure 2.8 shows the frequency-response curve for
the case of the now familiar series R-C circuit. This curve
is derived in the following manner: taking the output of the

circuit as the voltage across the resistor, we have from
Ohm’s law:

I = Km - Vin
~ Z  RT+ (10°2n
and again by Ohm’s law
Vout = RI = R \

VR? + (10°2rmfC)z "'"
Observe in the above formula that, when fis allowed to

increase so that it becomes large, the quantity 10%/2nfC
will approach zero. This makes the fraction

R
R? + (108/2rfC)?

very nearly equal to

2. Basic Electrical Concepts

so that V,,, is almost equal to V;,. If we go in the opposite
direction, i.e., allow f to decrease and become small, the
denominator of the fraction becomes much larger than R
the numerator, and V,, is a progressively smaller fraction
of Vj,. This is shown graphically by the frequency-
response curve in the lower part of Fig. 2.8. Amplitude is
plotted as the ratio of V,,/V,,. Since this ratio is always
less than 1, we say that this circuit attenuates the input,
with lower frequencies being attenuated more than higher
frequencies. The dividing point between low and high
frequency is arbitrarily taken to be the point at which fre-
quency is equal to 10%/2nfC Hz. This point is designated
the cutoff frequency and corresponds to a 30% attenuation
of V,,; in other words, V,,,/V;, = 0.707 (see Fig. 2.8)3

What is the cutoff frequency for the series R-C circuit
considered earlier in the computational example when
R = 10K ohms and C = 1 puF?

106
SnRC 12

B 108
T 2 x 3.14 x 10,000 x 1

_ 105100
~ 628 x 10° ~ 6.28

159 Hz

Cutoff frequency =

This means that a 15.9 voltage applied to the input will be
attenuated by 30% when it appears at the output of the
circuit. The practical significance of this finding will
become apparent in Chapter 4.

3This is readily confirmed by some simple algebra. We have
shown that

Vout = R + (R 50 Vin
At the cutoff point,
f = 10%2nRC
Substituting this in the equation for V,,, we have
Vour = g 10° 7 Vin
\/R2 +

2n x 108/2rRC x C

R
T JRT + Vin
R R
= —Q-R—Q Vin = \/E_R Vln
__R
" 1414R ™
so that
Vuut
= 0.707
Vin



Chapter 3

The Diflerential Amplihier

In Chapter 1, we referred to the amplifier as the heart of
the EEG machine. This chapter returns to the topic to fill
in some important details. We begin with a consideration
of electronic amplifiers in general, and then continue with
adiscussion and analysis of the differential amplifier. As we
will see, the differential amplifier is a specially designed
device for recording bioelectric activity, and it is employed
universally in EEG machines. Our objective in this chap-
ter is to find out precisely what this amplifier does and how
it accomplishes its purpose.

Historical Background

Electronic amplifiers have an interesting developmental
history, particularly so since their history illustrates the
importance of serendipity as well as careful technological
development in scientific research. A very brief look at the
high points in this history illustrates nicely the principles
upon which electronic amplifiers operate.

Everyone knows that Thomas Edison invented the elec-
tric light bulb. Few are aware, however, that he also dis-
covered a phenomenon called the “Edison effect,” which
provided the basis for the development of the electronic
amplifier. The year was 1884 and Edison was experiment-
ing with his electric light bulb. Recall that a light bulb is
nothing more than a glass envelope from which the air has
been evacuated and which contains a loop of wire called
the filament. Figure 3.1A shows a light bulb with a voltage
source (a battery) connected to the filament. With the
battery connected, the filament is made incandescent by
the passage of an electric current, thereupon emitting
light as well as heat.

In the course of his experiments, the purpose of which
was to discover a method to prevent the bulb from darken-
ing with use, Edison placed a second element —a metallic
plate —inside the glass envelope. For reasons that are not

entirely clear, he also connected a current-measuring
meter between the plate and the heated filament. This
circuit is shown in Fig. 3.1B. Upon connecting it up,
Edison discovered that the meter showed a current was
flowing in the plate circuit. When the battery was discon-
nected and the filament allowed to cool, the current flow
ceased. Edison did not know the explanation for the cur-
rent; nevertheless, he patented the device and the
phenomenon became known as the Edison effect.

We now know that this remarkable discovery has a rela-
tively simple explanation. The filament inside the bulb is a
conductor of electricity. As we learned in Chapter 2, con-
ductors have electrons that are only loosely bound to the
nucleus. Connecting a voltage to the ends of the filament
causes the electrons to move, producing an electric cur-
rent. With large currents flowing, the filament heats up,
causing the electrons to become more active until some of
them are “boiled off” the filament. Electrons, of course,
are negatively charged particles. The plate inside the glass
envelope is positive, as it is connected through the meter
to the positive terminal of the battery. Since unlike electri-
cal charges attract, the electrons coming off the filament
are attracted to the plate and flow in that direction. A flow
of electrons, of course, is an electric current, which
accounts for the deflection observed on the current-
measuring meter.

Edison can hardly be blamed for not knowing the expla-
nation of this phenomenon at the time of its discovery.
Indeed, he had no way of knowing precisely what was hap-
pening in his circuit. The correct explanation had to await
the discovery of the electron by Joseph J. Thompson some
13 years later.

The next event in our historical survey concerns the
work of John A. Fleming, a British electrical engineer. In
1904, while experimenting with the Edison effect, Flem-
ing discovered that Edison’s device conducted in only one
direction. What Fleming did was to hook up a battery in
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series with the current-measuring meter; by this stroke of
insight, he created the first diode. When the positive pole
of the battery was connected to the plate, as shown in Fig.
3.1C, the meter registered a flow of current. Moreover,
increasing the voltage of the battery resulted in a propor-
tional increase in the amount of current flowing. When the
polarity of the battery was reversed, however, as in Fig.
3.1D, no current flowed in the plate circuit. The reason for
this is obvious. With the plate negative instead of positive,
the electrons coming off the filament are repelled. The
upshot of this was that you could control current flow by
the voltage on the plate of the device. Fleming likened the
action of this device to that of a “valve,” a term used in the
United Kingdom for a vacuum tube.

Valves are devices capable of controlling the flow of
energy, usually with very small changes in energy level at
the control end. In other words, by exerting a relatively
small force at the control end of the valve, you can generate
a very large flow through the device. A common water fau-
cet is a familiar example; by using only a small force on the
faucet, a huge stream of water may be turned on and off.
Fleming’s valve had the capability of doing the same for an
electric current.

Lee De Forest, an American inventor, was impressed
with Fleming’s valve and began studying methods for
improving the device. Through a stroke of inventive genius,
he added a third element to Fleming’s valve, whereupon
the triode or three-element vacuum tube was born. The
third element was called the grid, a plate-like object con-
sisting of a mesh of fine wire that was positioned between
the filament and plate. De Forest’s triode is shown in Fig.
3.1E. The glass envelope in the illustration is drawn in the
traditional manner of a vacuum tube, i.e., as a closed circle.

De Forest discovered that the current (I) flowing in the
plate circuit of the triode could be controlled by the vol-
tage applied between the grid and the filament. With the
grid at zero volts, the plate current was at maximum. By
making the grid negative with respect to the filament, the
plate current could be reduced in proportion to the degree

3. The Differential Amplifier
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of negativity. As the grid became more and more negative,
a point was reached where the current stopped flowing.
The explanation of this phenomenon is simple. There is a
competitive action on the electrode stream. The anode, or
positive plate, attracts the electrons coming from the fila-
ment or cathode of the tube, whereas the negatively
charged grid repels the electrons. The number of electrons
flowing to the plate is determined, therefore, by the net
effect of these two opposing forces. De Forest found that
very small changes in grid voltage could produce a con-
siderable change in the flow of current in the plate circuit
of the tube.

From De Forest’s grid-controlled triode, it was but a
simple step to the vacuum-tube amplifier. This was accom-
plished by the addition of a resistor to the plate circuit—
the so-called load resistor. The circuit is shown in Fig.
3.1F. Since Ohm’s law states that V = IR, it should be clear
that by allowing the changes in plate current to flow
through a resistance, changes in voltage can be developed.
The changes in plate voltage are an exact copy of the
changes in grid voltage, with the exception that they have
been amplified and are considerably larger. We see, there-
fore, that an electronic amplifier does not, in reality, mag-
nify or amplify a particular voltage. Instead, it uses this vol-
tage to control or modulate the current flowing through a
resistor in a separate circuit. The voltage developed across
the resistance in this circuit (Fig. 3.1F) then becomes the
“amplified” voltage.

The final step in the development of the electronic
amplifier is the substitution of the transistor for the
vacuum tube in the circuit. Although it was an eminently
useful device in its time, the vacuum tube had some seri-
ous limitations. To obtain the electrons that make it work,
it is necessary to heat a filament to incandescence by pass-
ing an electric current through it. To do this, large amounts
of electrical energy are expended, which, in turn, generate
considerable heat. When a circuit requires a large number
of vacuum tubes, the cost of heating the filaments and then
cooling the circuits to avoid damage from excessive heat
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can be considerable. These problems were readily over-
come by the development of the transistor that consumes
no energy in heating filaments. In addition, the transistor
has other advantages over the vacuum tube, namely, its
smaller size, lighter weight, greater efficiency, and ability
to operate with low voltage and current.

Transistors are devices composed of solid-state materials
—substances called semiconductors. In terms of their
electrical conductivity, semiconductors fall between con-
ductors and insulators. The structure of these substances is
such that not all of their electrons are bound tightly to the
nucleus; in fact, they can be shaken loose at room tempera-
ture. This is accomplished by applying voltages to the
semiconductors; when this is done, the device conducts an
electric current in a manner analogous to what happens in
avacuum tube. There are important differences in the way
a transistor functions when compared with a vacuum tube.
These differences need not concern us, as the principles of
amplification are basically alike in both devices.

Figure 3.1G gives a circuit for a simple transistor ampli-
fier. Note the similarities to the vacuum-tube amplifier
shown in Fig. 3.1F. Like De Forest’s triode, the transistor
has three elements: the base, which corresponds to the
grid of the vacuum tube; the collector, which corresponds
to the plate; and the emitter, which corresponds to the fila-
ment or cathode.

Single-Ended Amplifier

The earliest practical electronic amplifier was the single-
ended or single-sided amplifier. It, of course, employed a
vacuum tube as its active element and was operated on
batteries. Figure 3.1F is a circuit for such an amplifier.
Gain or amplification of the device is equal to the ratio of

the change in output voltage to change in input voltage.
Although this amplifier has two inputs, it is referred to as
a single-ended amplifier because one of the inputs is a
reference point that is connected to the earth or “ground™

Note in Fig. 3.1F that the active input of the amplifier is
the grid of the vacuum tube. In the case of a transistor
amplifier, the active input would be connected to the base
of the transistor. While most amplifiers have abandoned
vacuum tubes in favor of transistors, the term “grid input”
is still used in referring to the active input. Figure 3.2A
shows the symbol used in a circuit diagram to denote a
single-ended amplifier. Grid input is input 1; input 2 is
connected to earth, as shown by the symbol for ground,
which consists of a series of short horizontal lines, one
below the other, with the lower lines being progressively
shorter than the lines above.

Amplifying Bioelectric Activity

Historically, the first amplifiers used to amplify bioelectric
activity were single-ended amplifiers. Although these
amplifiers were adequate for dealing with high-level elec-
trical signals like the ECG and the action potentials from
some peripheral nerves, they proved to be of little if any
value in the case of low-level signals like the EEG. There
were three major reasons for this.

First, the single-ended amplifier is sensitive to outside
interference like the 60-Hz activity from the power lines.
This happens because one side of the 60-Hz power line —
the neutral or “cold” side—is connected to ground. As
input 2 of a single-ended amplifier is also connected to

'Ground is used universally as an electrical reference because
the earth is the most stable source of zero voltage available to us.
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ground, the grid (input 1) serves as an antenna and “picks
up” the 60-Hz activity, which is then amplified. There may
be more than 0.1 V of 60-Hz activity present at the input,
in which case brain electrical activity would be obliter-
ated. The 60-Hz artifact is all that would be recorded. It is
alleged that during the 1930s, some electrophysiologists
working in hospitals powered by DC actively resisted the
conversion to AC because of the introduction of 60-Hz
artifact into their recordings.

Second, the single-ended amplifier is sensitive to
artifacts, like the ECG, that are generated within the
body. The ECG artifacts can be picked up anywhere on
the surface of the body and, in some instances, may be
several millivolts in amplitude on the head. With such
a large voltage present at input 1 of the amplifier, and
with input 2 at ground potential, all but the very highest
amplitude brain electrical activity would be obscured
by the ECG. This may readily be demonstrated by con-
verting one channel of the EEG machine to a single-
ended amplifier as follows: Using the appropriate switch
on the lead selector panel, connect input 2 of a channel
on the EEG machine to ground. Connect input 1 of this
channel to any EEG lead already on the patient. Now
with all the other leads connected in the normal way, turn
on the machine — first being careful to switch in the 60-Hz
filter and to turn down the gain of this channel. What
vou see on the chart is an ECG whose voltage is so large
that the gain of the amplifier cannot be raised sufficiently
to bring the channel within the dynamic range of any
EEG voltages. This dramatic effect is simply the result of
grounding the differential amplifier, thereby converting it
into a single-ended amplifier.

Third, the single-ended amplifier does not permit simul-
taneous, independent recording of EEGs from multiple
placements on the scalp. This results from the fact that
input 2 of a single-ended amplifier is connected to ground;
if several amplifiers are involved, all will be connected to
the same common point. Removing the ground connection
has little effect since input 2 of the amplifiers is also con-
nected to the power supply of the machine, which is a
point common to all the channels. Thus, an event that
occurs at any of the electrodes connected to input 2 of the
amplifiers will appear in each and every channel. This
means that it is all but impossible to obtain multichannel,
bipolar recordings using single-ended amplifiers.

It should be clear from the foregoing discussion that
EEG recording as we know it today would not be feasible
if only the single-ended amplifier were available. To over-
come the serious shortcomings of the single-ended ampli-
fier, the push-pull amplifier and the differential amplifier
were developed. We will consider only the differential
amplifier as the push-pull amplifier was merely a step in
the development of the differential amplifier.

3. The Differential Amplifier

The Differential Amplifier —
Basic Concept

The differential amplifier was uniquely the result of a col-
laborative effort on the part of electrical engineers, elec-
tronic engineers, and neurophysiologists. It was developed
in the 1930s primarily to meet the needs of multichannel
EEG recording. Numerous well-known persons were
involved; among these were E.D. Adrian, Alexander
Forbes, B.H.C. Matthews, Franklin Offner, ].F. Toennies,
and W. Grey Walter.

In principle, the differential amplifier is nothing more
than two identical single-ended amplifiers connected
back-to-back. This is illustrated in Fig. 3.2B. Note that the
grids of the two amplifiers become the two inputs of the
differential amplifier, while the other inputs are joined
together and then connected to ground. By convention,
the two inputs are designated grid 1 (G1) and grid 2 (G2).
Because the inputs each go to a grid (base in the case of
transistors), they are isolated from ground and from the
power supply. This means that with differential amplifiers,
many channels can be connected to the patient simultane-
ously, without any of the inputs being joined together by
the machine. Figure 3.2C shows the symbol used to denote
a differential amplifier.

A second important feature of the differential amplifier
derives from the fact that the two halves of the amplifier
are balanced, with one half being the “mirror image” of the
other half? The result is that the differential amplifier
amplifies the difference between the voltages simultane-
ously present at the two inputs. This means, of course, that
the output of this amplifier will be zero whenever identical
voltages are present at both inputs and either negative or
positive when the voltages at the inputs are different. Elec-
troencephalographic convention dictates that all channels
on the EEG machine deflect upward when the voltage at
Gl is negative with respect to the voltage at G2 and down-
ward when the voltage at Gl is positive with respect to the
voltage at G2. Another way of saying the same thing is that
a channel deflects upward when G2 is positive with
respect to Gl and downward when it is negative with
respect to Gl. Note that we say positive or negative “with
respect to” This means that the polarity at any point is not
an absolute quantity but is the polarity relative to the vol-
tage present at another point.

The unique ability of the differential amplifier to
amplify the difference between the voltages simultane-

2Because of this, differential amplifiers are sometimes referred to
as “balanced” amplifiers, or amplifiers with a balanced input.
This is in direct contrast to single-ended amplifiers, which are
also referred to as amplifiers having an unbalanced input.
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ously present at the two inputs gives rise to two important
concepts in EEG technology, namely, the phenomena of
cancellation and summation. The importance of these con-
cepts can hardly be overemphasized as they determine the
size, shape, waveform, and polarity of the tracing seen in
the EEG record. They are discussed in detail in a later
chapter that deals with the topics of polarity and localiza-
tion. For the present, we will be concerned only with the
phenomenon of cancellation. Moreover, we deal here spe-
cifically with cancellation as it relates to the problem of 60
Hz and ECG artifacts in an EEG recording. In this con-
text, cancellation comes under the heading of an impor-
tant descriptive term applied to differential amplifiers.
This is the term common-mode rejection.

Common-Mode Rejection

We said earlier that a differential amplifier consists of
two balanced, single-ended amplifiers appropriately
joined together and that the output of this device is
proportional to the difference between the voltages simul-
taneously present at the two inputs. These inputs can
be either out-of-phase signals or in-phase signals; in-phase
signals are also referred to as common-mode signals. Out-
of-phase signals are signals in which the voltages simul-
taneously present at both inputs of the differential am-
plifier are different, whereas in-phase signals are signals
in which the voltages at both inputs are the same. Brain
electrical activity is a good example of the former, as
there may be gross differences in the voltages present
even at two closely spaced points on the scalp. The ECG
and 60 Hz artifacts are examples of in-phase or common-
mode signals.

The result is that brain electrical activity, being pri-
marily an out-of-phase signal, gets amplified by the
differential amplifier. On the other hand, 60-Hz activity
and the ECG are cancelled out. The degree to which
the in-phase voltages are cancelled out is determined
largely by the extent to which the two halves of the ampli-
fier are balanced. How well common-mode voltages are
cancelled out or rejected by a particular differential ampli-
fier is expressed in terms of the amplifier's common-mode
rejection ratio or CMRR. The CMRR of an amplifier is esti-
mated from the equation:

voltage out for out-of-phase voltage in
voltage out for in-phase voltage in

CMRR =

or, alternatively,

Out-of-phase gain

CMRR = In-phase gain
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where the in-phase and out-of-phase input voltages are of
equivalent amplitude. The EEG amplifiers may have
CMRRs ranging from 1,000:1 to 20,000:1.

A simple example will help to clarify what CMRR means
and how it is used. Suppose that your EEG machine has a
CMRR of 1,500:1. This means that common-mode vol-
tages are not amplified— or multiplied by 1, which is the
same thing—while out-of-phase signals are amplified
1,500 times. Now consider an EEG voltage that is 7 pV.
Amplifying this voltage 1,500 times yields 7 x 1,500 =
10,500 uV or 10.5 mV. So we see that a 7-uV EEG voltage
produces the same deflection on the chart as a 10.5-mV
ECG voltage. If the EEG machine is set to the standard
deflection sensitivity of 7 pV/mm, it is apparent that an
ECQG voltage as large as 10.5 mV would have to be present
between each of a pair of EEG leads and ground before
being detected as a 1-mm deflection in the tracing.

The CMRR of the amplifiers in an EEG machine has
the same effect on external sources of voltage as well,
that is, if they are common-mode signals. Of these, the
most troublesome for the EEG technician is the 60 Hz
artifact from the AC power lines. The simple example
used to explain what happens in the case of an ECG
artifact applies equally well to 60 Hz artifact. It is im-
portant to recognize in this context that the degree of
rejection that may be realized applies to the common-
mode voltage only. If the source of the common-mode
voltage is from within the patient’s body, as in the case
of the ECG, it can happen that the voltages at the two
inputs of the amplifier will not be exactly identical. This
comes about mainly because the electrodes on the patient
are not the same distance from the heart, which is the
source of the voltage, or because there is a wide gap
between the electrodes. The important thing to recognize
here is that voltage, at any point, varies inversely with the
distance from the source. This is one reason why ECG
artifacts in the EEG are always larger with widely spaced
electrodes and vice versa.

An additional point that will be taken up in detail later
when we discuss the topic of electrodes and electrode
impedances deserves brief mention here. In order to real-
ize the CMRR quoted in the specifications of a particular
amplifier, it is essential for the input circuit of the amplifier
to be balanced. This means that the impedances of both
leads in the pair need to be very nearly the same. If the
impedance of one lead happened to be substantially
higher than the impedance of the other, say 4 or 5 times
higher, the input circuit would become unbalanced and
the common-mode rejection capabilities of the amplifier
would be significantly degraded. We see, therefore, that
when correctly utilized, the differential amplifier’s ability
to reject common-mode voltages constitutes a powerful
method of eliminating artifacts from an EEG tracing.
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Figure 3.3. Output of a differential amplifier connected to a
three-position voltage divider.

Sensitivity or Gain

As was mentioned in Chapter 1, the voltages commonly
recorded in the EEG cover a wide dynamic range. At the
low-amplitude end of the scale, voltages as small as 2 uV
need to be detected in brain death recordings, while at the
high end voltages as large as 2,000 pV or 2 mV are encoun-
tered in hypsarrhythmia. To provide for this wide dynamic
range, all EEG amplifiers have a switch for changing the
sensitivity or gain to accommodate these different vol-
tages. A frequently used design employs a 12-position
rotary switch that permits the EEG technician to select
deflection sensitivities from 1 pV/mm to 70 pV/mm. Some
EEG machines also employ a two-position gain multiplier
switch. When this switch is in the “uV/mm” position,
deflection sensitivity is read from the 12-position rotary
switch in microvolts per millimeter. When, on the other
hand, the gain multiplier switch is in the “mV/cm” position,
deflection sensitivity is in millivolts per centimeter. The
latter range of sensitivities gives flexibility to the machine.
When hooked up with the appropriate transducer, these
settings are used to record other physiological phenomena
like pulse rate, respiration rate, body temperature, blood
pressure, etc.

The gain changes are accomplished by a simple applica-
tion of Ohm’s law. Figure 3.3 shows how this is done. The
output of the differential amplifier is connected to one end
of a chain of three resistors (R,, R,, and R;) in series, the
other end of which is connected to ground. With an out-of-
phase voltage applied to the input of the amplifier, a cur-
rent will flow through the resistors. By Ohm’s law,

\%

= R, + R, + R,

Solving the equation for V, we have

3. The Differential Amplifier

V= (R1+Rz+Rs)I
or
V = R, + R,I + Ryl

which means that V, the output voltage of the amplifier, is
equal to the sum of the voltages across each of the resistors.
In other words, the total voltage divides itself across the
three resistors in proportion to their values. If R;, R,, and
R, were all equal to each other, the voltage at the top of R,
would be equal to 1/3V. With the three-position switch at
the top of R,, as shown in Fig. 3.3, the output of the switch
is 2/3V. The chain of resistors wired to a switch in this
fashion is referred to as a voltage divider. The selector
switch may employ any number of different positions. For
each additional position, an additional resistor is con-
nected in series with the rest.

Amplifier Noise

Ideally, the tracings on the chart corresponding to each
channel of the EEG machine should each be a completely
straight, horizontal line when the inputs of the amplifiers
are connected to zero volts3 Although this should be the
case for a properly operating EEG machine switched to a
standard gain of 7 pV/mm, it is rarely true when the
machine is adjusted for the maximum gain of 1 pV/mm.
Note that at such high gains, the pens do not describe an
even trace but appear to wander about randomly. This is
the so-called internally generated noise and is normal for
all machines at maximum gain. For routine clinical work,
noise level should be less than 2 uV peak-to-peak referred
to the input.

Where does this noise come from? Noise or random vol-
tage fluctuation is an inherent characteristic of all resistors,
vacuum tubes, and transistors of which an amplifier is con-
structed. Some of these devices produce less noise than
others of their kind by reason of their construction. Thus,
for example, so-called low-noise resistors are used in cer-
tain sensitive portions of the circuit of an EEG amplifier.
The connections in a rotary switch, or for that matter any
kind of switch, can also generate noise. This is the reason
why EEG technicians are frequently seen to be repeatedly
indexing the switches on a noisy channel of the EEG
machine. By this maneuver they hope to clean the switch
contacts and hence reduce the noise level. A leaky capaci-
tor can also produce noise, and even the solder joints used

3How do you go about connecting the inputs of a differential
amplifier to zero volts? A little thought will show that the sim-
plest way of doing this is to connect G1 and G: together. This
maneuver is referred to as “short-circuiting” the input of the
amplifier; it brings both inputs to the same voltage so that the
difference between the two is zero volts.
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to connect the various components found in an amplifier
may be noisy. Modern technology notwithstanding, the
maximum noise-free gain required by an EEG amplifier is
close to the theoretical limit available by ordinary methods.

Input Impedance

We have discussed a number of important characteristics
of a differential amplifier — common-mode rejection, gain,
and noise. One very important characteristic remains to be
considered and that is input impedance. We have already
discussed impedance in general. Recall that impedance is
designated by the symbol Z; in the circuits that the EEG
specialist deals with, Z consists of two components, resis-
tance and capacitive reactance.

It will be helpful to begin our discussion of this topic by
considering an important property that is shared by all
measuring instruments. To yield valid measurements, a
measuring instrument must not have any backward effect
on the phenomenon being measured. By way of example,
suppose that you wished to measure a patient’s respiration
rate by tying a loop of wire containing a strain gage trans-
ducer around the patient’s chest. Each inspiration and
expiration would be picked up by the strain gage. By
appropriately displaying these on a channel of the EEG
machine, you could count the number of waves occurring
in a minute’s time and, in so doing, estimate the respiration
rate. But the respiration rate estimated in this way would
only be the true rate if the loop of wire had no effect upon
the patient’s breathing. If, for example, the wire were too
tight, it could interfere with normal breathing and yield a
spurious result. This is an example of the backward effect
of a measuring instrument upon the phenomenon being
measured.

Each channel of the EEG machine may be considered
an instrument for measuring various features of the EEG.
Among these features is the voltage of the waves recorded.
To validly measure voltage, the voltage appearing at the
scalp must not be modified by connecting the electrodes

and amplifier to the source. To satisfy this requirement, the
input impedance or impedance looking into the input of the
amplifier must be very high —many, many times higher
than the impedance of the electrodes. Input impedance of
the differential amplifiers in an EEG machine is com-
monly 20 million ohms (abbreviated 20 megohms, or 20M
ohms) or higher.

Why is a high-input impedance essential? The reason
may be understood from a perusal of Figs. 3.4A and B. The
circuit in Fig. 3.4B will be recognized as a voltage divider
to which V, the true EEG voltage is connected. This vol-
tage divides itself across the electrode impedances and the
amplifier impedance in proportion to their magnitudes. If
the amplifier impedance is not very high with respect to
electrode impedance, then a substantial fraction of V will
appear across the electrodes and the voltage appearing
across the amplifier will be significantly less than V. We
speak of this as a condition in which the signal being
observed is “loaded” by the input circuit of the measuring
device. It is obvious that as amplifier Z increases and
becomes very large, the voltage appearing across the
amplifier will very closely approximate the voltage at V, the
true EEG voltage. Refer to Fig. 2.4, Chapter 2, for com-
putational formulas.

To obtain the high input impedances required for an
EEG amplifier, a specially designed transistor is used in
the input stage. This device is referred to as a field-effect
transistor or FET. Recent advances in transistor technol-
ogy have resulted in the development of new and even
better FETs. Among them are the junction field-effect
transistor (JFET) and the insulated gate FET (IGFET).
But these are highly technical subjects that are unlikely to
be of concern to the EEG specialist.

Special-Purpose Connections

Most modern EEG amplifiers have an output jack that is
used for connecting the amplified EEG voltage to some
peripheral device such as, for example, a cathode-ray oscil-
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loscope, an instrumentation tape recorder, a computer, or
the like. This jack can be found somewhere on the front
panel of the amplifier or in a central location on the
machine console. The voltage available at this jack is
referred to as the IRIG output, which is nothing more than
a 2.8-V (peak-to-peak) signal that corresponds to a 25-mm
pen deflection on the EEG chart. The letters IRIG stand
for Inter-Range Instrumentation Group*

Some EEG machines have an IRIG input jack as well.
This jack is used to play back signals from a tape recorder
onto the EEG chart. A 2.8-V (peak-to-peak) signal fed into
this jack will result in a 25-mm pen deflection.

These special-purpose connectors are not used in most
clinical EEG laboratories. They are mentioned here,
however, because a few laboratories do store EEG records
on magnetic tape. Moreover, their use is essential
whenever video display techniques are used, as in seizure
monitoring (See Chapter 18).

4The Inter-Range Instrumentation Group was a group of
engineers from various guided-missile-testing ranges around the
country. This group felt the need for standardizing the telemetry
systems that were being used in guided-missile testing so that a
system used on one range would be interchangeable with a sys-
tem used on another. One device used extensively in telemetry
systems is the instrumentation tape recorder, or “mag” tape

3. The Differential Amplifier

The EEG Amplifier as a Whole

The differential amplifier is employed only at the first stage
of amplification in an EEG machine. Once the advantages
of the differential amplifier have been realized, the
differential signal is converted to a single-ended signal and
the rest of the necessary gain is provided by single-ended
amplifiers. Details of the conversion process need not con-
cern us here. The various stages of amplification are cou-
pled together by means of capacitors. These so-called
blocking capacitors are used to prevent any DC voltages
from being transmitted from one stage to another and
thereby being amplified. More will be said about the oper-
ation of blocking capacitors in the chapter on filters.

recorder as it is called. For this reason, standardization proce-
dures included specifications for mag tape recorders. Among the
specifications called out is the standard input voltage operating
level. Therefore, when we say that an EEG amplifier has an IRIG
output available or is IRIG compatible, this means that the ampli-
fier may be directly connected to (interfaced with) any modern
mag tape recorder.



Chapter 4
Filters

If the amplifier is the heart of the EEG machine, then the
filters could rightly be referred to as the brain. The filters
are the selective devices that screen out unwanted signals
and determine which features of the EEG will appear in
the tracing. As we already mentioned in Chapter 1, there
are three different types of filters on modern EEG
machines: low-frequency filters, high-frequency filters,
and 60-Hz “notch” filters. All three types operate accord-
ing to the same basic principles. We will consider the prin-
ciples of operation first before going into the details of how
they actually function.

The Need for Filtering

In our treatment of amplifiers in the last chapter, little was
said about the frequency characteristics of the voltages
that were amplified. Indeed, aside from the fact that the
60-Hz power line voltage is discriminated against, the
differential amplifier we discussed amplifies —within cer-
tain practical limitations—voltages over the entire spec-
trum of frequencies as well as any DC voltages. This means
that we would see all varieties of electrical activity in the
output in addition to the EEG voltages. For example, there
could be static (DC) potentials from the electrodes, sweat
artifacts, galvanic skin potentials, and eye movement
artifacts in the low end of the frequency spectrum. In the
intermediate range of frequencies, there could be muscle
action potentials present, while at the high-frequency end
we could observe transmissions from local radio stations
that send out especially strong signals. In other words,
aside from the common-mode rejection feature, the ampli-
fiers in an EEG machine have little or no selectivity as far
as frequency of the input voltage is concerned. The filters
provide the necessary selectivity.

Basic Concept and Function

Ideally, a filter should admit, without modification, vol-
tages of all frequencies that are of interest; at the same
time, it should completely reject voltages of unwanted
frequencies. Thus, for example, if we were interested in
voltages within the frequency range of 1 to 35 Hz, the
“ideal” filter for this purpose would function as shown in
Fig. 4.1. But as we will see, there is no such thing as an
ideal filter. Indeed, the filters commonly found on an EEG
machine are far from ideal. For this reason the individual
interpreting EEGs, as well as the EEG technician, needs
to be thoroughly familiar with the way in which filters
function.

In Chapter 2 we showed that the impedance of an elec-
trical circuit varies with changes in frequency of the vol-
tage that is applied to it. A simple computational example
revealed that the impedance of a series R-C circuit, where
R = 10K ohms and C = 1 pF, changed from a value of
159,550 ohms at 1 Hz to a value of 10,986 ohms at 35 Hz.
The reason for this difference in impedance is that the
capacitive reactance, which is a component of the imped-
ance, is a frequency-sensitive quantity. The fact that
capacitive reactance changes with frequency is the oper-
ating principle upon which the filters in an EEG machine
work. This makes the capacitor the most vital part of the
filter circuit.

The EEG filters are just one of a class of so-called
“tuned” circuits. A more common type of tuned circuit is
the frequency-selective circuit in a radio or television
receiver— the circuit that is adjusted when you tune in a
particular station or channel. Such circuits, which in real-
ity are sharply tuned filters, admit only a very narrow band
of frequencies while sharply attenuating all the rest. These
circuits, along with all other filter circuits, follow the same
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Figure 4.1. Response of an “ideal” filter.

basic design concept, namely, that impedance of an elec-
trical circuit varies with changes in frequency.

Low-Frequency Filter

Although it was not pointed out at the time, the circuit
(Fig. 2.8) that was analyzed in our discussion of frequency
response is, in reality, a low-frequency filter. Let us return
now to this circuit and discover how the circuit is used to
prevent voltages at the low end of the frequency spectrum
from getting into the EEG tracing.

Figure 4.2 shows a low-frequency filter with its input
end connected to a pair of electrodes attached to the scalp
of a patient and the output connected to the differential
amplifier of one channel of an EEG machine. The filter cir-
cuit is balanced, that is, R, = R, and C, = C,. As we
pointed out in an earlier section of this chapter, the signal
led off from the scalp by the electrodes consists of a variety
of electrical phenomena in addition to the EEG voltages.
This signal can include a wide range of frequencies and
may include a DC voltage from the electrodes as well, as
we will discover in a later chapter (Chapter 7). One pur-
pose of the low-frequency filter is to prevent any such DC
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voltage from getting into the amplifier and being ampli-
fied. This is accomplished by an interesting property of
capacitors that was discussed in Chapter 2. This property
is simply that a capacitor has the unique ability to block
the transmission of steady or unchanging voltages.

The impedance of each half of the circuit is given by the

expression
10
- 2 =Y
Z =R + imfc) .

To simplify the analysis, we consider only one half of the
filter; the other half being identical, the same analysis
applies. Taking the voltage between electrode A and elec-
trode C (ground) asVj,, the input to the upper half of the
filter, and the voltage across R, as V,,, the output, we
have, by Ohm’s law,

Vin Vin

Z ~ JR;® + (10°72rnfC,)?
and again by Ohm’s law,

R,
JR.Z + (10°2mjC, 2

Vout = RII = Vin'

The ratio of V,,, to V;,, which is referred to as the transfer
characteristic of the filter, is equal, by simple algebra, to

Vou( R

1
Vin  VRZ + (10527fC,)?

Note in this formula that for large values of f, the capacitive
reactance or 10%2nfC, can become quite small so that
Vout/Vin approaches its maximum value of 1. The opposite
effect takes place at the other end of the frequency spec-
trum. Thus, as f decreases and attains smaller and smaller
values, capacitive reactance becomes larger, the overall
impedance increases, and V,,/V ;, becomes smaller and
smaller.

Differential
Amplifier

®

® Output

Figure 4.2. Circuit for a low-
frequency filter in an EEG
machine.
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As was mentioned earlier in Chapter 2, the ratio of
Vou/Vin when frequency is allowed to vary is termed the
frequency response of the circuit. Frequency-response
curves are plotted with frequency in hertz units on the
horizontal axis and amplitude on the vertical axis. Fre-
quency is always plotted on a logarithmic scale, while
amplitude is plotted on a linear scale as a ratio or percen-
tage of the maximum voltage, or on a logarithmic scale in
decibels (abbreviated dB). In the case of a filter, V;, is the
maximum voltage so that the ratio V,,/V,, comes out to be
less than 1.

Low-Frequency Response —
Asymptote Plot

Although the frequency response of a circuit is described
by a curve and not by a straight line, for the sake of simplic-
ity it frequently is approximated by straight lines. Figure
4.3 shows the straight-line approximation for the low-
frequency filter shown in Fig. 4.2. The two solid lines in
the graph define the response of the filter when it is set for
a cutoff frequency of 1 Hz, the standard EEG setting.
Observe that these lines meet at the cutoff point, with the
line to the right of the cutoff point being parallel to the
horizontal axis. The straight line to the left of it falls off at
the rate of 6 dB/octave; which means that when frequency
is halved, amplitude is also halved or attenuated by 50%.
Thus, the amplitude at 0.5 Hz is one half the value at 1 Hz.

The straight-line approximation of the frequency-
response curve is called the asymptote plot. This name
derives from the fact that the straight lines define the
asymptotes of the actual or true frequency-response curve.
Characteristics of the true curve are discussed later in
this chapter.

T T
0.5 1.0
Frequency (Hz) ———

T
0.25

Figure 4.3 also shows that changing the cutoff point of
the low-frequency filter from 1 to 0.3 Hz simply shifts the
asymptote to the left by 0.7 Hz at the 100% amplitude
point. This is shown by the dashed lines that meet at the
0.3 Hz point. Note that in this case as well, the line defin-
ing the cutoff falls at the rate of 6 dB/octave, which means
that when frequency is halved or equal to 0.15 Hz, ampli-
tude is also halved or attenuated by 50%. The same princi-
ple applies to the other settings on the low-frequency filter.
Thus, for example, in the case of a cutoff frequency of 5 Hz,
the asymptote plot is shifted to the right.

In Chapter 2 we learned that in terms of the circuit
parameters, the cutoff frequency of a series R-C circuit is
equal to 10%/2nRC Hz. In practical terms this means that
when you switch from one low-frequency filter setting to
another, what you are doing is changing the values of C or
R, or the values of both in the circuit. Larger values of C or
R go along with lower cutoff frequencies, whereas smaller
values go along with higher cutoff frequencies.

High-Frequency Filter

Surprising as it may seem, the high-frequency filters on
an EEG machine employ the same kind of circuit as the
low-frequency filters. Both use a series R-C circuit, the
only morphological difference between the two being
the position of the circuit parameters with respect to the
output. As we have seen in Fig. 4.2, the output of the
low-frequency filter is taken across the resistor. In the case
of the high-frequency filter on the one hand, the output
is taken across the capacitor in the circuit. Another dif-
ference between the two kinds of filters is their loca-
tion within the EEG amplifier. Thus, while the low-
frequency filter is commonly placed at the input to the
differential amplifier or in the very early stages of amplifi-
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cation, the high-frequency filter is located down the line
from the input.

Figure 4.4 gives the basic circuit for a high-frequency
filter. Note that the circuit is placed after the differential
amplifier and after the voltage of interest has been con-
verted to a single-ended signal. This being the case, only a
single R-C branch is required. As in the instance of the
low-frequency filter, the current in the circuit is given by
the expression

Vin
~ JR® + (10°2njC)

1

and Vg, the voltage across the resistor, is

R
VR? + (10572mfC)?

Vg = RI = V.

Since V;, divides between the two elements in the circuit,
Vin = Vi + Vou

or, rearranging terms,
Vour = Vin = Vg

Substituting for Vj in this equation, we have

R

Vuut = Vin - \/R2 T (106/2nfC)2 Vin
Voo = Viu {1 - R
out = in \/32 ¥ (lﬁsﬁnfc)z

and

K)u_t_l R

Vo ~ <R® + (10°2nfC)?

In the formula for V,,/V,, it is apparent that when f is
very small, the quantity

JRT ¥ (1052rfC)?

can become quite large. This causes the fraction

R
JRT + (10°2mfC)?

to become very small, with the result that V,,/V;,
approaches the maximum value of 1. On the other hand,
as f becomes larger and larger, the fraction

R
VR + (1021

approaches a value of 1 and V,,/V;, approaches zero. In
other words, higher frequencies are increasingly attenu-
ated by the circuit. Note that this is the exact inverse of
what happens in the case of the low-frequency filter.
Another way of interpreting the manner in which the
high-frequency filter works is to focus on the position of
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the capacitance in the amplifier circuit. An examination of
Fig. 4.4 shows that Cis in parallel with the input to the next
stage of amplification. This being the case, the current
flowing through R must divide between C and the ampli-
fier of the next stage. Since impedance due to the capacitor
decreases with increasing frequency, the C branch of the
circuit is a low-impedance pathway for the high frequen-
cies. Therefore, increasingly higher frequencies may be
thought of as being shunted away from the amplifier input
by the C.

High-Frequency Response —
Asymptote Plot

The frequency response of a high-frequency filter can be
approximated by straight lines, as with the frequency
response of the low-frequency filter. Figure 4.5 shows the
straight-line approximation or asymptote plot for the high-
frequency filter in Fig. 4.4. The two solid lines in the graph
define the response of the filter when it is set to a cutoff fre-
quency of 35 Hz. These lines meet at the cutoff point, with
the line to the left of the cutoff point being parallel to the
horizontal axis. The straight line to the right falls off at the
rate of 6 dBloctave, which means that the amplitude is
attenuated by 50% at a frequency of 70 Hz.

The dashed line in Fig. 4.5 shows the corresponding
asymptote plot when the cutoff frequency of the filter is set
instead to 70 Hz. Observe that the result is to shift the
entire graph to the right. The dashed-line graph is inter-
preted in the same way as the solid-line graph.

High- and Low-Frequency Response
Combined —The True Curve

If the reader will visually combine the asymptote plots of
Figs. 4.3 and 4.5, it will be apparent that the combined
frequency-response curve of the amplifier-filter combina-
tion is described by a flat-topped pyramid. This pyramid
becomes flatter and flatter as the bandwidth of the
amplifier —which is to say, the range of frequencies that are
amplified —becomes wider. Referring back to Fig. 4.1, it is
obvious that there is a vast difference between the fre-
quency response of a real filter and the ideal filter. While
real filters—the filters on the EEG machine — attenuate
the unwanted frequencies at a rate of 6 dB/octave, the ideal
filter achieves 100% attenuation instantaneously. The
ideal filter is analogous to an ideal racing automobile —a
car that would be capable of accelerating from zero to say
150 miles/hour instantaneously. For obvious reasons, such
a racing car is only a dream. So also is the ideal filter.
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But we have been speaking only of the asymptote plot of
the combined low- and high-frequency filters. The true
plot—the true frequency-response curve —represents yet
an additional step removed from the ideal. Figure 4.6
shows the difference between the asymptote plot and the
true plot of the combined curve for alow-frequency setting
of 1.0 Hz and a high-frequency setting of 35 Hz. By con-
vention, the standard points of reference in dealing with
the true curve are the amplitudes at the high and low
cutoff points. We see in Fig. 4.6 that the amplitudes at 1.0
Hz and at 35 Hz in the true curve are only 70% of the
amplitudes in the asymptote plots at the corresponding
points. In other words, amplitude is down 30% at the
cutoff frequencies. Note that amplitude is also reduced,
but to a progressively lesser and lesser degree, on either
side of the cutoff frequencies.

Figure 4.6 defines the true frequency-response curve

Frequency (Hz) ——

(low-frequency cutoff of 1 Hz, high-frequency cutoff of 35
Hz) for the amplifiers plus filters of most EEG machines.
The single exception to this occurs in the EEG machines
made by the Grass Instrument Company. By virtue of a
somewhat different design, the true curve of their filters is
down only 20% from the asymptote plot at the cutoff fre-
quencies. Also, when the cutoff frequency is halved, the
amplitude is down by exactly 50%. This imparts an “S”
shape to the curves of the Grass machines.

It is important to point out that the frequency-response
curves as discussed in this chapter are for the amplifiers
plus filters with the appropriate high- and low-frequency
settings. In other words, the response curves do not reflect
the effects due to the writer unit and pen. The pens on the
EEG machine, of course, have inertia, and for this reason
they have aprofound effect on the overall high-frequency re-
sponse. This topic is discussed in detail in the next chapter.
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60-Hz Notch Filter!

Despite the common-mode rejection feature of the
differential amplifiers used in an EEG machine, 60 Hz
artifact can be a formidable problem when EEGs are
recorded. There are three major reasons for this. In the
first place, some environments in which the EEG machine
is operated have such high 60-Hz levels present that the
common-mode rejection ratio cannot eliminate them.
Second, although 60-Hz activity is a common-mode or in-
phase signal, there are times when the amplitudes at both
inputs of the differential amplifier are not identical. When
this happens, we end up with some out-of-phase 60-Hz
activity that gets to be amplified along with the EEG vol-
tages. Finally, the circuit connected to the inputs of the
differential amplifier may not be balanced, as when the
impedances of the two electrodes are different. This
degrades the common-mode rejection ratio of the ampli-
fier and results in an elevated 60-Hz level in the EEG
recordings.

The answer to all these problems is the 60-Hz notch
filter. This type of filter is referred to as a band-elimination
filter or trap since it attenuates a narrow band of frequen-
cies that are unwanted. Here, again, we can think of an
“ideal” case. The ideal 60-Hz filter is a device that would
remove only the 60-Hz activity without affecting any adja-
cent frequencies. Although the ideal is not attainable, the
60-Hz filters on present-day EEG machines are more
sharply tuned than the low- and high-frequency filters that
we have been discussing.

1Some countries, including all of Europe, use 50-Hz instead of
60-Hz AC. In such cases, the problem is 50 Hz artifact and a
50-Hz notch filter is employed.

Figure 4.7 shows the frequency-response curve of such
afilter. This is a true curve. Note in the figure that although
the cutoff is considerably sharper than the 6 dB/octave
cutoff of the other filters, a substantial proportion of the
adjacent frequencies is attenuated by the 60-Hz filter.
Thus, for example, we see that amplitude at 40 Hz is
attenuated by about 30%. If the high-frequency filters on
the EEG machine happened to be set to a cutoff frequency
of 70 Hz, it is clear that the overall high-frequency
response would be determined primarily by the 60-Hz
notch filter and not by the former. For this reason, routine
use of the 60-Hz filter is discouraged.

The 60-Hz notch filters are a fairly recent addition to the
EEG machines used in routine clinical electroencephalog-
raphy. Their presence is attributable to some technological
advances that were not readily available in the 1960s. For
this reason, some machines in use may not have the notch
filter available. The technological advances and the
methods whereby the sharper cutoff of the notch filter is
accomplished need not concern us here.

Interpreting the Frequency-Response
Curve and the Use of Filters

Suppose that the filter settings on an EEG machine are
as shown in the frequency-response curve of Fig. 4.6. In
other words, the low-frequency filter switch is set to 1 Hz,
and the high-frequency filter switch is set to 35 Hz. Sup-
pose, also, that the machine is calibrated and set for a
deflection sensitivity of 7 uV/mm. This means that a 10-Hz
signal at 50 uV will yield a pen deflection of 7 mm on the
chart. What pen deflection will a 1-Hz signal at the same
voltage yield?

The answer to this question comes directly from Fig.
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4.6 —from the frequency-response curve. Observe in Fig.
4.6 that amplitude at 1 Hz is only 70% of the amplitude at
10 Hz. Therefore, the deflection for a 1-Hz signal will be
0.7 times the deflection of a 10-Hz signal or 0.7 x 7 mm
= 4.9 mm. This means that when we observe delta activity
at 1 Hz in a tracing with the low-frequency filter of the
machine set to 1 Hz, this activity is in reality somewhat
larger than it appears in the tracing.

The same logic may be applied to electrical activity of
any frequency. For example, Fig. 4.6 shows that a 35-Hz
signal also will yield a 4.9 mm deflection for an amplitude
of 50 pV. The frequency-response curves for all filter set-
tings will be found in the instruction manual that goes with
an EEG machine. The EEG technician and interpreter
alike should become thoroughly familiar with these
curves.

Although we have spoken of the filters primarily as a
means of eliminating artifacts or unwanted voltages from
the EEG voltages, the filters have another important use.
Some features of the EEG may be accentuated while
others may be reduced by careful use of the filters. For
example, suppose that some portions of a patient’s sleep
record suggested that there may be an asymmetry in the
sleep-spindle activity, but that the recording was partially
obscured by the high-amplitude, slow-wave activity of
sleep. Here is where the low-frequency filters come in.
Switching the low-frequency filter from 1 to 5 Hz will
eliminate a greater portion of the slow-wave activity with-
out significantly attenuating the sleep-spindle activity.
This simple device permits a closer appraisal of the possi-
bly asymmetry.

Similar use may be made of the high-frequency filter at
the opposite end of the EEG frequency spectrum. Thus,
it may happen that a patient’s alpha rhythm becomes
obscured by excessively high-amplitude beta activity. By
switching the high-frequency filter from a cutoff frequency
of 70 Hz to a cutoff frequency of 35 Hz, the beta activity in

Frequency (Hz) ———

the tracing will be reduced without appreciably changing
the amplitude of the alpha rhythm. Other examples of a
similar nature could be mentioned. We leave these for the
reader to discover.

The standard settings for the filters in routine clinical
electroencephalography are 1-Hz low-frequency cutoff
and 70-Hz high-frequency cutoff. However, as we will see
in the next chapter, the upper limit of the high-frequency
response with the high-frequency filter set to 70 Hz is
limited by the inertia of the writer unit and pen. Standard
practice requires that the 60-Hz notch filter be used only
when it is absolutely necessary.

The recommended high-frequency setting requires
some explanation. Knowing that the upper limit of beta
activity is about 35 Hz, why is a 70-Hz cutoff frequency
employed? The answer is that spikes, which are a feature of
seizure activity, are equivalent to high-frequency activity
and cannot be recognized in a tracing unless the maximum
high-frequency response is employed. The reader can
verify this for him or herself by recording spike activity on
adjacent channels of the same machine, with the high-
frequency filter of one channel set to 70 Hz and the high-
frequency filter of the other to 15 Hz. If this is done, it will
be apparent that the character of the spikes is profoundly
changed at 15 Hz. By comparison with the tracing at 70
Hz, the spikes are rounded and have lost an important fea-
ture of their identity. For this reason, the standard filter
settings should be strictly adhered to. There should always
be a good reason for using settings that are not standard.
Filters should never be used to indiscriminately “clean up”
a record.

On some of the older vintage EEG machines, the high-
frequency filter occasionally was referred to as a “muscle
filter” Should this filter be used to remove muscle-activity
artifacts from the EEG? The answer to this question is a
qualified yes. The high-frequency filter is used for this
purpose only when all other methods of eliminating



36

muscle-activity artifacts have failed. The reason for this is
that the tips of any remaining muscle spikes become sig-
nificantly rounded when the high-frequency filter is set
below 70 Hz. This being the case, the muscle activity—
especially that appearing in the anterior regions — can eas-
ily be mistaken for beta activity. By providing the patient a
comfortable cot or lounge chair to recline on and helping
him or her to relax, it is frequently possible to eliminate
muscle artifacts at their source, thereby avoiding use of the
high-frequency filters. More will be said about this in
Chapter 13.

4. Filters

Summary

At this point the reader may find it useful to refer back to
Fig. 1.5, which summarizes the basic function of the high-
and low-frequency filters in relation to the EEG frequency
spectrum. This figure shows the way in which the EEG
tracings differ when different bandwidths are used. How
the frequency response of an EEG machine is assessed and
the role played by the time constant in assessing frequency
response are taken up in Chapter 6, “Calibration and
Calibration Methods”



Chapter 5
The Writer Unit

The writer unit is the business end of the EEG machine.
Although the workings of the rest of the EEG machine are
easily forgotten or taken for granted, the writer unit and its
problems are a part of an EEG technician’s day-to-day rou-
tine. To make the best use of the writer unit and to aid in
the interpretation of the tracing, some knowledge and
understanding of the way in which it functions is valuable.

Regardless of its design or manufacturer, the writer unit
consists of four major units: (1) the penmotors or direct-
writing oscillographs, sometimes referred to as galvanome-
ters; (2) the pens and pen mounts; (3) the inking system;
and (4) the chart drive. We consider each of these in turn.

Penmotors

The penmotors are electromechanical transducers that
convert electrical energy into mechanical movement.
Movements of the pen—the deflections from the base-
line —are proportional to the voltage of the signal applied
to the input of the machine. This being the case, the pen-
motor functions basically as a recording voltmeter. As we
already mentioned in Chapter 1, a penmotor has the attrib-
utes of an electric motor. Like an electric motor, it consists
of an armature mounted between the poles of a magnet in
such a way that it is free to rotate. Wound around the arma-
ture is a coil of wire that turns with the armature when it
rotates. This arrangement is shown in schematic form in
Fig. 5.1. One major difference between a penmotor and
the common variety of electric motor is the range of rota-
tion that is possible. Whereas the armature in an electric
motor makes a complete, full-circle rotation, the armature
in a penmotor is limited to a rotation of less than 45
degrees of full circle.

The operation of a penmotor depends on the principles
of electromagnetic induction. Most important of these is
the principle discovered in the 1830s by Michael Faraday,

whom we had occasion to mention in Chapter 2. Faraday
showed that changing the magnetic field surrounding a
conducting circuit caused a current to flow—to be
induced —in the circuit. By way of example, consider the
illustration in Fig. 5.1. If you rotate the armature through
an arc of, say, 10 degrees, a change is produced in the mag-
netic field surrounding the coil of wire wound around the
armature. Because the magnetic field is “cut” by the arma-
ture, a current is induced in the armature circuit. In other
words, mechanical movement produces an electric cur-
rent.

Now it happens that the phenomenon just described
works in the opposite direction as well. If you connect the
armature circuit to an external voltage, so that current
flows in the coil of wire, the armature will move (rotate).
Briefly, this happens because the current flowing in the
coil of wire sets up a magnetic field that interacts with the
field of the magnet. This interaction of forces produces a
rotation of the armature. The amount and direction of the
rotation depend on the strength and direction of the cur-
rent flow.

Penmotor Frequency Response

It was mentioned in the chapter on filters that the high-
frequency response at a cutoff frequency of 70 Hz is deter-
mined largely by the characteristics of the penmotor. The
reason for this will be apparent from a careful perusal of
Fig. 5.1. Note that the armature terminates in a shaft to
which the pen is attached. Not shown in the schematic dia-
gram is the structure — the rod and bearing — that supports
the armature and pen assembly. Although this assembly is
designed and fabricated in such a way so as to be as light as
possible, its weight nevertheless is not negligible. This
being the case, the armature and pen assembly cannot be
driven without significant loss of amplitude at the higher
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Figure 5.1. Schematic diagram of a typical penmotor.

frequencies, or frequencies above 70 Hz; thus, at 95 Hz the
amplitude on most machines is already down by 50%.
Although this is not objectionable in EEG work, it is
important to keep these facts clearly in mind when the
high-frequency filter is set to a cutoff frequency of 70 Hz.

Pens

A variety of different kinds of pens and pen mounts are
found on different EEG machines. The pens may provide
either curvilinear or rectilinear tracings, although cur-
vilinear tracings are standard on most machines used for
routine clinical work. Pens are narrow-gage metal tubes,
one end of which is curved and drawn out to a fine tip — the
writing tip. The metal tube is glued or soldered to a thin
metal strip that serves as a stiffener. The end of the
stiffener opposite the writing tip is fitted with a shaft,
rigidly mounted at right angles to the tube, which snaps
into place in the pen mount. Sometimes the pen has a
sapphire tip inserted into the writing end of the tube. A
sapphire tip provides for considerably longer wear but is
more fragile than the metal writing tip.

Error of the Arc

Curvilinear tracings are produced by straight pens that are
rigidly attached to the shaft of the armature. Such a pen is
shown in the diagram of Fig. 5.1. When this pen is
deflected, it does not trace out a line perpendicular to the
baseline but describes, instead, an arc of a circle having a
radius equal to the length of the pen. The difference
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between this arc and a line perpendicular to the baseline
is referred to as the error of the arc. The magnitude of this
error depends on the length of the pen and is best
appreciated by deflecting a pen on one channel of the
machine when the paper is not moving. Note that the error
is the distance between the position of the pen and the
location of a corresponding spot on the perpendicular line
drawn from the pen’s baseline position. Error of the arc
increases in magnitude as the amplitude of the pen deflec-
tion becomes larger; it can readily be perceived when
there are large pen deflections.

It is essential to keep the error of the arc in mind when
making comparisons between tracings on different chan-
nels, as when a record is examined with the purpose of
determining the origin of multifocal spike activity. If the
amplitude of the activity displayed on the channels that are
compared is not the same, some misleading conclusions
may be drawn. Consider, for example, a spike that appears
as a 5-mm deflection from the baseline position on channel
1 and that also appears on channel 4 as a 5-mm deflection
from the peak or trough of a slow wave. Although the spike
appears to occur earlier in time on channel 1 than on chan-
nel 4, the appearance is clearly an artifact resulting from
the error of the arc.

Problems associated with the error of the arc are
avoided by the use of rectilinear recording. Indeed, a rec-
tilinear recording is the only tracing that shows the true
waveform of the EEG. Rectilinear recording is accom-
plished with the use of pens that are attached to the arma-
ture shaft of the penmotor via a coupling mechanism that
corrects for the error of the arc mechanically. Unfor-
tunately, this mechanism is quite delicate and easily
damaged by heavy routine clinical recording with restless
patients. For this reason, rectilinear recording is not in
common use.

Pen Mounts

The pen mounts, or cradles as they are sometimes called,
serve two purposes. First, they hold the pens firmly to the
armature shaft while at the same time providing for quick
removal and replacement. Second, they provide a means of
adjusting the amount of pressure that the pens exert on the
chart paper while the recording is going on. Sufficient
pressure is needed for the ink to flow properly. At the same
time, too much pressure can reduce the high-frequency
response of the channel and, in some cases, modify the
time constant.

The manual that comes with the EEG machine should
be consulted for information about pen-pressure adjust-
ment. Some machines provide a gage —a scale-like device
—for measuring pen pressure.
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Inking System

Virtually all machines used in routine clinical electroen-
cephalography make use of ink-writing pens. The chief
reason for this is cost. By utilizing ink as the recording
medium, the chart on which the EEGs are traced can be
made of low-cost paper. This is an important consideration
as large quantities of charts are used up in recording
EEGs. For example, at the standard chart speed of 30
mm/s, a 30-minute recording requires a strip of recording
chart 54 m long—which is a lot of paper.

Some inking systems have a single, common ink supply
for all the pens on the machine, whereas others have a
separate inkwell for each pen. Systems using a common
supply have the advantage of being easier and faster to
fill. Only one inkwell needs to be filled rather than 16,
18, or 24 separate inkwells. On the other hand, the prim-
ing mechanism for systems having a separate inkwell
for each pen is simpler in design and much less likely to
malfunction. Technological improvements notwithstand-
ing, the simple cup-type inkwell fashioned from metal
or plastic, with a tight-fitting cover that fits the inkwell
like the wall of a cylinder, is difficult to improve upon.
To prime the pen, you simply lift up the cover, place your
finger tightly over the small hole in the top, and press
down briskly.

Although the inking systems on routine clinical EEG
machines employ a capillary-feed system for delivering ink
to the paper, in some instruments the ink is sprayed as a jet
stream. It is not at all clear whether the advantages of a jet
stream outweigh its higher cost and complexity.

Inking-System Maintenance

One of the most bothersome and frustrating experiences
for the EEG technician is to have the inking of one or
more channels fail during the course of taking an EEG.
Unless there is some foreign material present or bacteria
growing in the ink, this should not happen—assuming,
of course, that the inkwells are kept filled, that the
machine is used on a daily basis, and that a rubber or
plastic “dam” is placed under the tips of the pens when
the machine is not actually in use! Some commercially
available inks contain chemical additives that retard bac-
terial growth. Use of such inks reduces the possibility of
unforeseen clogging. When inking problems do arise, they
usually are the result of the machine being used on an

'Some newer EEG machines have a device that automatically
lifts the pens and moves the pen dam into place when a switch is
closed. The dam is automatically retracted when recording is
initiated or resumed.
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irregular schedule or only on a casual basis. Under such
conditions, drying and caking of ink in the pens is inevita-
ble. To a degree, this can be avoided if the machine is
turned on daily and a calibration is run so that there is
some flow of ink through the pens. By carefully observing
the density of the tracings at this time, the EEG technician
can usually predict which pens may be in jeopardy of clog-
ging. These pens will display a tracing that is slightly
ragged and a bit darker than the others. To avoid eventual
clogging in such cases, most experienced EEG technicians
use the priming mechanism to force a small quantity of ink
through the pens. This simple expedient will usually
restore the inking to an acceptable level.

While actual clogging of pens is rare if the procedures
already outlined are followed, pens sometimes do get
stopped up. When this happens, a number of steps should
be followed. The first is to find out exactly where the
blockage resides. Although the problem is usually in
the pen itself, it is good practice to remove the plastic
tube that feeds ink to the pen and then prime the ink-
well to verify that ink is flowing freely through the tub-
ing. If ink does flow freely, the problem is clearly in
the pen.

At this point a simple tool is useful. Attach a short length
of the plastic tubing that is used on the pens to the blunt
needle of a 3-mL hypodermic syringe. Short lengths of this
tubing are usually provided as spare parts with the EEG
machine. Now, fill the syringe with water and attach the
tubing over the writing tip of the blocked pen, which has
been removed from the machine. With the tube firmly in
place, try to force the water through the pen by exerting
pressure on the syringe. In most cases minor blockages are
cleared immediately by using this procedure.

If this method fails, try threading a fine steel wire
through the pen to clear the blockage. Most troubleshoot-
ing or repair kits that come with an EEG machine contain
a supply of such fine wires. Because the writing tip is a
smaller bore than the rest of the pen, the wire should be
threaded from the tip end. Care should be taken that the
pen does not get bent out of shape or that the wire is not
kinked or broken off inside the pen. Some practice is
needed before the procedure can be carried out success-
fully. If this method also fails to clear the clogged pen, the
only alternative is to soak the pen in a detergent solution
overnight and then repeat the procedure using the fine
wire.

The EEG technician should always make a determined
effort to clear a blocked pen rather than replace it with a
new one. There are a number of reasons for this. First, pens
are expensive. Second, the pens supplied are not all exactly
the same length. This means that the time-axis alignment
needs to be checked whenever a pen is replaced and the
penmotor realigned, if necessary, to bring the new pen into
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alignment with the others? Finally, the tip of the new pen
may not be exactly parallel with the writing surface, in
which event the pen may skip. To correct this condition,
the tip may need to be lapped.

Obviously, the technician will have no choice but to
replace a blocked pen if it cannot be cleared. When this
happens, he/she should consult the instruction manual
accompanying the machine for information concerning
penmotor realignment and the technique for pen lapping.

Chart Drive

The purpose of the chart drive is to pull the chart paper
through the machine at a constant rate and at the speed
selected by the operator. Standard EEG chart speed is 30
mm/s, but all machines have a number of other speeds. For
routine clinical EEG work, only one-half standard speed
(15 mm/s) and twice standard speed (60 mm/s) are essen-
tial. The reader should recognize that the use of 30 mm/s
as a standard is not a purely arbitrary choice. At 30 mm/s,
activity in the theta, alpha, and beta bands (which includes
frequencies in the range of 4-35 Hz) is readily appreciated
and easily identified by eye.

The slower chart speed of 15 mm/s is used mainly to aid
in identifying delta activity. Thus, while activity at fre-
quencies less than 4 Hz is difficult to resolve visually at the
standard chart speed, it stands out clearly at the slower
speed. For example, if a delta wave focus appears to be
present when the chart is run at standard speed, a short
run at 15 mm/s may be helpful in confirming its existence.
The slower chart speed may be thought of as functioning
much like a high-frequency filter. By using a speed of 15
mm/s, the closely spaced waves at the high end of the EEG
frequency spectrum merge together and become less obvi-
ous to the eye. At the same time, the widely spaced waves
at the low end become more obvious by being pressed
closer together3

A chart speed of 60 mm/s has two major uses. In the first
place, it provides an easy way of verifying the presence of
60 Hz artifact in the tracing. At this speed, the individual
60-Hz waves are readily identified and can be counted.
The faster speed is also helpful in assessing whether one
focus fires before another when a record shows evidence of

2Because all pens are not exactly the same length, the EEG tech-
nician should also be especially careful not to mix up the pens if
they are removed from the machine. In other words, the pen used
on channel 1 should remain there and should not inadvertently
be connected up and used on another channel.

3The slower chart speed is also useful in polysomnography. In
addition to rendering the slow activity of the deeper stages of
sleep more readily interpretable, the slower chart speed con-
serves chart paper—a consideration during all-night recording.
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multifocal spike activity. It should be recognized that the
higher chart speeds place greater demands on the inking
system. This means that inking problems are more apt to
show up; thus, a channel functioning only marginally at 30
mm/s may fail completely at 60 mm/s.

To ensure proper tracking of the chart paper through the
machine, paper should be loaded and tensioning devices
set in exactly the manner spelled out in machine’s instruc-
tion manual. Seemingly small matters such as the position
of the pack of paper on the feed tray can affect perfor-
mance. When properly functioning, the chart drive should
operate smoothly and quietly, without excessive chattering
or scraping of the paper. Two common problems encoun-
tered are weave of the chart paper as it goes through the
machine and breakage of the paper under the drive roller
or rollers. In severe cases of weave, the chart runs out of
line so badly that it buckles and tears up at the drive roller.
Although different EEG machines employ somewhat dif-
ferent designs for their chart drives, all are subject to these
problems if the mechanisms are not precisely adjusted.
Adjustments should be carried out carefully and only after
reading the instruction manual and/or consulting with the
manufacturer. It is not uncommon for a slight turn of an
adjustment screw to make the difference between a mal-
functioning or a perfectly functioning chart drive.

Marker Pens

Although they are not essential in routine EEG work,
some EEG machines have one or two additional channels
that serve as markers. These are the so-called marker pen
channels. The pens for them are placed at the very top and
very bottom of the chart, and as they deflect only a few mil-
limeters, they take up little additional space. One of them
is invaribly a time marker that produces a small, sharp
deflection on the chart at regular intervals—commonly
once every second. This marker provides an on-going,
minute-by-minute check on the accuracy of the chart
speed —assuming, of course, that the timer activating the
pen is both accurate and reliable. The time-marker chan-
nel is also useful in identifying the particular chart speed
being used. It is especially helpful if there is a shift back
and forth between different chart speeds during the course
of a recording.

Various other kinds of information can also be displayed
on a time-marker channel at the same time. To avoid confu-
sion, the pen deflections are in the opposite dirction to the
time marks. For example, the particular montage currently
being run can be identified by a coded deflection pattern
appearing at regular intervals on the chart. This feature is
a convenience for the person reading the record as he or
she need not go back to the beginning of the run to find
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out what derivations are being displayed. Of considerably
greater importance is the use of the time-marker channel
to indicate the light flashes during photic stimulation (see
Chapter 16). This information is essential in order to iden-
tify and document the presence of photic driving; unless a
suitable marker channel is available for this purpose, one of
the EEG channels must be sacrificed.

If an EEG machine has a second marker channel, it
usually is under the control of the operator. This additional
marker pen may be activated by manually pressing a but-
ton or moving a switch. The variety of functions that can be
displayed on this marker channel is limited only by the
imagination and ingenuity of the user. For example, a but-
ton for activating the pen can also be given to the patient.
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Such an arrangement is useful for having the patient signal
his or her response to questions when recording during
absence seizures.

The EEG technician should recognize that marker pens
are more likely to present inking problems than the pens
tracing out the EEGs. The reason for this is that with
deflections of only a few millimeters, marker pens use up
ink at a much slower rate than the pens on the EEG chan-
nels. When this happens, evaporation becomes a signifi-
cant factor, and ink in the wells gradually becomes thicker
and thicker—a process that ultimately leads to clogging.
This problem is easily avoided by periodically drawing out
(with a syringe) and discarding the ink from these inkwells
and refilling with fresh ink.



Chapter 6

Calibration and Calibration Methods

Every EEG begins and ends with a calibration. Fre-
quently, the calibration becomes so routine a procedure
that it is easy to pass over it with little thought to its mean-
ing and purpose. This is especially easy to do when the
machine used contains from 18 to 24 channels, and one is
eager to get on to the important part of the record, namely,
the EEGs themselves. Nevertheless, the calibration is a
vital part of every EEG and for this reason we devote a
chapter to it.

Purpose and Basic Concept

The purpose of calibrating any instrument is to demon-
strate that it is a valid and reliable device for measuring the
phenomenon of interest. Calibrating an EEG machine
involves connecting voltages having known characteristics
to the inputs of the machine and verifying that the pen
deflections traced on the chart conform to certain specific
standards. The calibration voltages, of course, should be
capable of testing the machine within the spectrum of
frequencies for which it will be used. During the course of
a routine calibration, the following points need to be
verified:

1. A standard input voltage yields a standard pen deflec-
tion. For example, at a deflection sensitivity of 7
uV/mm, a 50-pV calibration signal should deflect the
pens a total of 7 mm.

2. The deflection sensitivity is linear. This means that if a
50-pV calibration signal deflects the pens by 7 mm, a
100-pV signal should produce a 14-mm deflection.

3. The frequency response conforms to the conventions

employed in clinical EEG work.

. The noise level is within acceptable limits.

5. There are no perceptible differences in deflection sensi-
tivity, frequency response, and noise level among the
channels of the machine.

=~

6. All channels are in accurate alignment — in other words,
the deflections of the pens on all the channels fall on a
vertical, straight line of the chart.

The foregoing address the question of the validity of the
instrument. If all the requirements are satisfied, the
machine is a valid instrument. The degree to which these
standards are reproducible on a day-to-day basis refers to
the reliability of the instrument. If the machine behaves
differently from one day to the next—for example, if noise
level of one channel was acceptable yesterday but is exces-
sive today — it is not reliable. Validity, of course, is meaning-
less without reliability. An unreliable machine simply can-
not be trusted.

Some of the six requirements listed above are self-
explanatory; others require additional discussion. We take
these up in turn.

Voltage Calibration — Deflection
Sensitivity

This is accomplished by connecting a signal of known vol-
tage to the inputs of all the channels. The calibration signal
is accurate to +2%, and on most machines a range of
calibration voltages is available — 2, 5, 10, 20, 50, 100, 200,
and 500 pV. Usually, the calibration voltage is produced by
pressing a button on the machine console. Direct current
and sometimes AC calibration signals as well are used,
although most EEG machines employ only DC calibra-
tion. The reason for this will become apparent later in
this chapter.

When AC calibration is used, the calibration signal is
usually a 10-Hz sine wave derived from a signal generator
(referred to as an oscillator) inside the EEG machine. The
calibration signal as displayed on the chart is measured
from the very top of the peaks of the waves to the very
bottom of the troughs. If a 50-uV, 10-Hz signal is used, we
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Figure 6.1. The process of DC calibration; 50-pV input at a
deflection sensitivity of 7 pV/mm.

speak of it as measuring 50 uV peak-to-peak. For standard
gain, this signal should yield a pen defection of 7 mm
between the peaks and troughs of the waves. Although only
the newer model machines provide AC as well as DC
calibration, many do have a jack to which an accurately
calibrated external oscillator may be connected for doing
an AC calibration.

Direct current calibration uses rectangular-wave signals,
sometimes called DC “pips.” When the calibration button
on the machine console is pressed, the voltage present at
the inputs of the channels changes instantaneously from 0
1V to, say, 50 uV and remains at that level until the calibra-
tion button is released. The sequence of events is illus-
trated in Fig. 6.1 along with the output on the chart of the
machine. The fact that the calibration signal as seen on the
chart is quite different from the signal applied to the input
should come as no surprise to readers who have already
studied the material in Chapter 2.

The tracing on the chart, of course, describes a decaying
exponential; it is the result of the capacitor in the circuit of
the low-frequency filter. The reader will recall from Chap-
ter 2 that a capacitor responds only to a change in voltage.
Pressing the calibration button produces a change from 0
1V to 50 pV. This results in a corresponding deflection of
the pen and a change in the position of the tracing; but as
the voltage remains steady at 50 uV, the tracing decays
back to zero. When the calibration button is released, the
steady voltage of 50 uV is abruptly removed and the input
is returned to 0 pV. Accompanying this change is a deflec-
tion of the pen and a change in the position of the tracing,
which is equal and opposite to that observed when the
calibration button was pressed. But, again, the tracing
decays back to zero as the voltage at the input remains
steady. As the pen deflects upward when the calibration
button is pressed, we infer, in agreement with EEG con-
vention, that the calibration signal is 50 pV negative at G1.

Needless to say, there should be no perceptible differ-
ence in the deflection sensitivities of all the channels on
the machine when their gain settings are identical. Small
differences that may be present are easily corrected by the
EEG technician by turning a screw-driver-adjusted con-
trol that is usually located on the front panel of each am-
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plifier. Details are given in the manual that comes with
the machine.

Linearity

Linearity of the channels is assessed by repeating the
calibration procedure using a variety of different calibra-
tion voltages at the same gain setting. In each case the
maximum deflection on the chart is accurately measured.
These deflections should be in proportion to the calibra-
tion voltages. This means that if 50 pV yields a deflection
of 7 mm, 20 uV should give a 2.8-mm deflection; 10 uV, a
1.4-mm deflection; 100 uV, a 14-mm deflection; and so on.
Normally, the linearity is very reliable and does not change
unless some component in the amplifier circuit fails.

Frequency Response

At first glance the most obvious way of checking the fre-
quency response of an EEG machine would seem to
involve the use of a variable frequency oscillator. If the
machine has a jack for connecting an external oscillator to
the inputs, this can, indeed, be done! The EEG technician
would simply run the oscillator through a number of differ-
ent frequencies from 0.1 Hz to say 90 Hz, making sure that
the amplitudes of all the calibration signals of different fre-
quency used were identical. She/he would then measure
the peak-to-peak deflection on the chart for each calibra-
tion frequency. These values would be plotted against fre-
quency to obtain the frequency-response curve, one curve
for each channel.

It is readily apparent that this procedure would be quite
time consuming and hardly possible to carry out prior to
taking an EEG. As it happens, it is not even necessary. A
short-cut method for obtaining information about the fre-
quency response of the EEG machine is available. This
short-cut method is based on the fact that a precise mathe-
matical relationship exists between the frequency
response of an electrical circuit and its transient response?

I'The internal AC calibrator on the machine will not serve this
purpose as it provides only a sine wave of a single frequency,
usually 10 Hz.

2This mathematical relationship is embodied in the Laplace
transformation developed by Pascal Laplace, the late 18th cen-
tury French mathematician. The Laplace transformation (LT)
provides a way of relating a function of time f (t), the response of
a circuit to a step function, to a function of frequency, the fre-
quency response of the same circuit. This relationship is given by
the equation

LT {f(t)} = ofmf(t)e‘st dt

where s is a complex variable related to 2 ntf, the reciprocal of the
time constant of the circuit. Note-the quantity £~*, which is
called the kernel of the equation. This, of course, is the now
familiar expression for a decaying exponential.
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Briefly, all electrical circuits may be thought of as having
a characteristic response in the time domain and a charac-
teristic response in the frequency domain. In the time
domain we have the circuit’s transient response, while in
the frequency domain we have the frequency response. For
simple series R-C filter circuits, the salient variable in the
time domain is the time constant, while in the frequency
domain the corresponding variable is the cutoff frequency.
These two variables are related according to the following
equation:

Cutoff frequency = 1
2nTC
where TC is the time constant in seconds. The formula
shows that as TC increases, cutoff frequency decreases and
vice versa.

This simple relationship tells you that if you know the
value of the TC for a series R-C circuit, the cutoff frequency
can be calculated from the formula. Knowing the cutoff
frequency, you can readily plot the frequency-response
curve —that is, the asymptote plot—for the circuit. In prac-
tical terms, this means that the same information about the
circuit may be derived by obtaining the transient response
and estimating the TC as by laboriously obtaining the cir-
cuit’s response to a wide range of frequencies and plotting
the frequency-response curve. If the reader will briefly
turn back to and review the section on transient response
in Chapter 2, he/she will discover that the DC calibration
technique provides a way of obtaining the transient
response of the circuits in the EEG machine to a step func-
tion.

In Table 6.1 we have listed the values of the time cons-
tants corresponding to the commonly used low-frequency
filter cutoff frequencies. Figure 6.2 shows that there is a
profound change in the DC calibration as we go from a
cutoff frequency of 0.1 Hz to a cutoff frequency of 5 Hz. In
fact, as Table 6.1 shows, there is a 50-fold increase in the
time constant as the cutoff frequency is changed from 5 to
0.1 Hz. Although the time constant may readily be
checked by careful measurement of the tracings obtained
during the DC calibration, this is rarely necessary. It is
simpler to keep a template available that was made at a
time when the time constant was known to be correct.
With this template in hand, it is an easy matter to match it
up to the routine calibrations to see if there is any deviation
from the standard.

Although not as obvious, the transient response or DC
calibration also provides some information regarding the
frequency response of the high-frequency filter circuit.
This will become apparent from a careful perusal of Fig.
6.2. As shown in this figure, the three rows of calibrations
are for high-frequency filter settings of 70, 35, and 15 Hz,
respectively, from top to bottom. Examination of the
upward deflections of the pens reveals that the tracing rises
more rapidly in the case of the 70-Hz high-frequency filter

6. Calibration and Calibration Methods

Table 6.1. Relationship between time
constant (TC) and cutoff frequency in
a series R-C circuit used as a low-
frequency filter

Cutoff frequency Time constant

(Hz) (seconds)
0.1 1.59
0.15 1.00
0.3 0.53
0.5 0.30
1.0 0.159
1.5 0.100
5.0 0.032

setting than for the 15-Hz setting. Note also that the termi-
nal point of the tracing is sharp for the 70-Hz setting but
rounded in the case of the 15-Hz setting. The calibration
with the high-frequency filter set to 35 Hz falls somewhere
in between. This aspect of the calibration comes under the
heading of rise time of the circuit.

If the chart had been run through the machine at a
much higher speed, the difference in rise times between
the settings would have been more apparent. Indeed, at
the higher chart speed, it would be seen that the tracings
do not rise instantaneously but describe what appears to
be an exponential function—even at the 70-Hz setting.
This is indeed the case. These differences are of practical
value. Thus, the experienced EEG technician can readily
detect differences in the high-frequency response of the
different channels by examining the tracings and visually
measuring the rise times.

Biological Calibration

We have discussed AC and DC calibration of the EEG
machine in considerable detail. A third calibration method
is also employed in EEG work. This is the so-called biologi-
cal calibration or bio cal. The bio cal is used extensively,
and machines having a montage switch as described in
Chapter 1 frequently have a position included in the
switch for the bio cal.

Despite the formidable name, the bio cal is nothing
more than the simultaneous recording on all channels of
the electrical activity from the same pair of electrodes. Its
primary purpose is to obtain an additional, quick check of
the frequency response of all the channels. It is also useful
for picking up gross differences in the time axis alignment
of the pens. To perform its function effectively, the pair of
electrodes used in the bio cal should tap voltages from the
entire EEG frequency spectrum. This is the reason why
the frontal pole and occipital electrodes —usually Fp, and
02 —are selected for this purpose. In the awake and rela-
tively alert patient, tracings from these leads normally
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Figure 6.2. DC calibrations at different high-frequency filter settings (down), and different low-frequency filter settings (across).

include the alpha and beta rhythms, the central rhythms,
as well as the lower-frequency eye movement potentials.

The biological calibration is used mainly to check the
EEG machine for differences between the channels. By
running his or her trained eye down the chart, the
experienced EEG technician or the person interpreting
the EEG record can pick up even small differences
between the various channels. It is essential, of course, for
all the channels on the EEG machine to be alike. This
point cannot be overemphasized as much of the value of
the clinical EEG rests upon the ability of the test to detect
differences — sometimes of a subtle nature —between the
two hemispheres of the brain. It is obvious that any such
differences could not reliably be detected unless the
recording channels themselves were identical.

Noise Level

At the standard deflection sensitivity of 7 uV/mm, no noise
should be perceptible during routine calibration. This
means that the tracings taken during the DC calibration
should be smooth and regular. It is a good idea to record,
in addition, a page or two with the controls in the calibra-
tion position but without generating the calibration signal.
These tracings should show smooth, perfectly horizontal
straight lines, with no evidence of any deviation above or
below the horizontal. All machines used in routine clinical
work should be capable of satisfving these standards.
When the EEG machine is used at higher gain —as, for
example, in brain death recordings — the requirements are
more stringent, but some noise will become perceptible.
The noise at routine calibration appears as a random
wavering of the tracings and should be less than 2 pV peak-
to-peak with reference to the input. Noise in the context of

the present discussion should be understood to be inter-
nally generated noise, or noise produced by the EEG
machine itself. Noise can, of course, be externally gener-
ated as well. To rule out the possibility that any noise seen
in the calibration is externally generated, the inputs of the
machine should be short circuited and the tracing taken
again. Details of the procedure are taken up in the chapter
on troubleshooting.

Postcalibration

The calibration procedures that have been outlined and
discussed refer to the precalibration, or calibration that is
performed immediately prior to the time that a patient’s
EEG is taken. Immediately upon completion of the EEG,
a postcalibration is done. The postcalibration is identical to
the precalibration with the exception that it also includes
DC calibrations at any deflection sensitivities that were
used in addition to the standard of 7 pV/mm.

If the postcalibration is no different from the precalibra-
tion and both satisfy the standards set forth, we usually
conclude that the machine is both a reliable and a valid
instrument. The conclusion concerning reliability, how-
ever, is only an inference. The postcalibration only tells us
that the machine is functioning exactly like it did some 30
minutes ago before the patient’s EEG was begun. We can-
not be certain that something did not change sometime
during the 30 minutes and then changed back again before
the postcalibration was started. This kind of thing has hap-
pened and is not uncommon when the machine has some
kind of intermittent fault. On the other hand, if pre- and
postcalibrations are no different from each other over
weeks and months of routine use, the probability is high
that the machine is indeed reliable.



Chapter 7
Recording Electrodes

The role of recording electrodes in EEG technology and
intepretation is a relatively simple one in practice but a
complex one in theory. In this chapter our attention is
primarily directed to the practical issues involved. It is
hardly possible to obtain a satisfactory EEG without hav-
ing good quality electrodes that have been properly con-
nected to the patient. But what is a good electrode? What
constitutes proper electrode application technique? How
do departures from these standards affect the EEG
record? The present chapter addresses all these questions.
At the same time, in order to understand what actually
takes place when you attach a pair of electrodes to a per-
son’s scalp and connect the other ends of the wires to a
channel of the EEG machine, it is necessary to consider
some of the basic theory involved.

Basic Concepts

In practical terms, the electrodes—or leads as they are also
called—are simply the means whereby the electrical
activity of the brain is communicated to the input circuits
of the amplifiers in the EEG machine. Although a remark-
able variety of different types of electrodes have been used
for this purpose, there is a fundamental component or ele-
ment that is common to all of them. This component is the
metal-electrolyte interface. The metal is the material of
which the electrode is composed, while the electrolyte
may be a conducting solution, gel or paste, or it may be the
fluids of living tissue as when an electrode is inserted
below the skin. It is at the metal-electrolyte interface that
current flow within the brain becomes electron flow in the
electrodes and electrode wires. By what mechanism is this
activity able to pass across the interface and be recorded?

In Chapter 2 we discussed electric currents, electrons,
the electrical properties of conductors and insulators, and
the way in which electrical currents flowed in metals. To

understand something about the way in which electrical
currents pass across the metal-electrolyte interface, we
need to have some basic knowledge concerning the elec-
trical properties of electrolytes or conducting solutions. To
do this, it is essential to become familiar with the concept
of an ion.

Ions

Everyone is familiar with what happens when you pour
ordinary table salt into some water and stir the mixture.
Assuming that a large amount of salt is not used, the salt
crystals eventually disappear and what remains is a clear
liquid. We say that the salt has completely dissolved in the
water or has gone into solution. In purely physical terms,
the salt has changed state completely. For present pur-
poses, however, some more important changes have taken
place.

In chemical terms, what has happened is that the ele-
ments of which the table salt is composed have become
dissociated. In going through this process of dissociation,
ions are formed. Ions are particles in solution that bear an
electrical charge. For our example of the table salt—which
is sodium chloride or NaCl—going into solution, we end
up with sodium ions designated by the symbol Na* and
chloride ions designated by Cl-. The sodium ions have a
positive electrical charge while the chloride ions have a
negative electrical charge.

The ions in a solution have a number of interesting
properties. Of particular interest in the present context is
the fact that ions are free to move about in the solution. If
a voltage is applied between two points in the solution, an
electric current can be made to flow in it. The current is
carried by the ions in the solution in the same way that a
current is carried by the loosely bound electrons in a
metallic conductor. Thus, a simple analogy is appropriate,
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namely, that ions are to electrolytes and conducting solu-
tions as the loosely bound electrons are to metals.

In the context of our discussion of recording electrodes,
it will be apparent that the metal-electrolyte interface is
the junction where a flow of ions is converted into a flow of
electrons. In other words, it is the place where an elec-
trochemical phenomenon is converted into a purely elec-
trical phenomenon. This is why recording electrodes are
sometimes referred to as transducers. The reader may find
it useful at this point to turn back to Chapter 1 where
transducers were defined and discussed briefly.

The Electrical Double Layer

Although almost any kind of metal may be used as an elec-
trode, the electrolyte chosen for recording leads is usually
some kind of salt solution, principally sodium chloride.
Two major reasons dictate this choice. First, sodium chlo-
ride is very soluble in water. For this reason, a sodium
chloride solution is able to contain a high concentration of
ions, which means that the solution will be a really good
conductor. Second, sodium and chloride ions are a major
constituent of the body fluids and hence are compatible
with them.

Despite the fact that any metal that happens to be a good
conductor could serve as a recording electrode, some
metals are, at best, only poor materials for this purpose.
This state of affairs arises mainly from the fact that a metal
electrode discharges positive ions into solution when it
comes in contact with an electrolyte. Some of these dis-
charged ions may be tightly bound to the surface of the
electrode. Concomitantly, an adjacent layer of oppositely
charged ions from the solution is formed, resulting in the
creation of the so-called electrical double layer at the
metal-electrolyte interface. These two processes occur at
different rates, depending on the species of metal used for
the electrode and the type of electrolyte. The difference in
the rates of these two processes results in a voltage appear-
ing at the electrode. This voltage is termed the electrode
potential or half-cell potential. The latter term is appropri-
ate since the potential of an electrode itself is always mea-
sured with respect to a reference electrode, it not being
possible to measure the voltage of a single electrode with
respect to a solution.

Polarization and the Double Layer

The characteristics of the double layer vary with different
electrode materials. These characteristics determine
whether an electrode will be polarizable or nonpolarizable.
With some electrodes there is a free exchange of charges
(ions) across the double layer. Such electrodes are termed
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nonpolarizable or reversible, and the silver-silver chloride
electrode is a common example. With this electrode
(designated by the symbol Ag-AgCl) in a solution of sodium
chloride, there is a tendency for Ag to go into solution
forming Ag*, but also an opposite tendency for the Cl- ions
in solution to combine with the Ag* to form AgCl. The
result is an electrical balance between the two opposing
processes.

With other electrode materials, only a minimal transfer
of charges occurs across the electrical double layer. Such
electrodes are termed polarizable electrodes. Polarizable
electrodes have an electrical charge on them. For this
reason they display the characteristics of a capacitor, which
means that they do not pass DC and act as a low-frequency
filter. Most recording electrodes available are of the polar-
izable type. Nonpolarizable electrodes are expensive and
technically more difficult to work with. Fortunately, a vari-
ety of polarizable electrodes are quite satisfactory for
recording clinical EEGs. They are discussed later in this
chapter. Nonpolarizable electrodes are not essential in
EEG work since DC or very low-frequency voltages are not
recorded in routine clinical EEGs. For this reason, non-
polarizable electrodes will not be dealt with any further
in this text.

Electrode Potentials

We said earlier that when a metal electrode is placed in
contact with an electrolyte, a voltage develops between the
metal and the electrolyte. This voltage was referred to as
the electrode potential or half-cell potential. The term
half-cell potential implies that the single electrode is act-
ing as if it were half a battery, and this is indeed the case.
Because it is like any other voltage connected to the input
of an amplifier, we can expect the electrode potential to be
amplified as any other voltage would be. Such being the
case, the electrode potential would appear as an artifact in
the EEG tracing.

But this does not normally happen for two reasons. First,
we know that two electrodes are required to record an
EEG and that if the electrodes are identical, the same vol-
tage will be present on each of them. Therefore, the elec-
trode potential will appear as a common-mode signal at G1
and Gz of the amplifier and be rejected by the CMRR.
Second, the electrode potential is a DC voltage. If this vol-
tage were relatively stable, the capacitor in the low-
frequency filter of the EEG machine would block it out
before it had a chance to be amplified.

As it happens, different metals have different electrode
potentials. For example, the base metal lead has an elec-
trode potential of hardly more than 0.1 V, whereas alumi-
num has an electrode potential of about 1.7 V. The
presence of a difference in voltage between dissimilar
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metals is the principle upon which the battery or voltaic
pile is based and is of some interest to the EEG technician.
Thus, if a pair of EEG leads attached to a patient happened
to be made of different metals, there could be a substantial
voltage between them. This voltage would not necessarily
be objectionable if it were stable, since DC voltages are
blocked by the capacitor in the low-frequency filter. In
practice, however, such voltages are rarely stable and for
this reason they represent a source of artifact in the EEG
recording. Such artifacts are sometimes referred to as a
“battery effect” The upshot of this is simply that the two
recording electrodes of a pair should always be made of the
same material.

Residual Potentials

Even though both electrodes are made of the same
material, in practice some voltage frequently can be meas-
ured between them. In other words, the electrode poten-
tials of the two leads may not be identical. A number of
factors can be responsible for such residual potentials. Our
discussion of them includes the following ways of alleviat-
ing their effects:

1. There may be impurities in the metal, or the surface of
the electrodes may be contaminated by foreign metal
ions. To avoid the former, only high-purity metals are
used in recording electrodes. In the case of silver elec-
trodes, for example, only silver designated as “high fine”
is used. Care in cleaning and storing is necessary to
prevent surface contamination.

2. There may be foreign metal ions present in the electro-
lyte. To avoid this possibility, electrode pastes and gels
should be carefully selected and protected from con-
tamination during use. Any tools used in lead applica-
tion should be kept scrupulously clean.

3. There may be differences in the concentration of the
electrolyte at the two electrode sites through lack of
homogeneity in the electrode paste or gel used.

4. There may be a difference in temperature of the skin at
the two electrode sites. This happens because some
metals used in electrodes have electrode potentials with
temperature coefficients in excess of 100 pV/°C.

Taken together, these factors could result in significant
differences in voltage between the two electrodes of a pair.
But here, again, the presence of a voltage is not objection-
able in clinical electroencephalography if the voltage is
stable. Problems arise only when the residual potentials
fluctuate. When this happens, the variations in voltage
constitute a source of artifact in the EEG tracings.

7. Recording Electrodes

Types of Electrodes

By and large, most clinical EEGs currently are done using
surface electrodes. The advantage of surface electrodes
over needle electrode is obvious, in terms of both con-
venience and comfort for the patient, as well as relative
freedom from infection. Less obvious but also a significant
factor is the lower electrode impedances that are fre-
quently possible with surface electrodes (see later section
entitled “Factors Affecting Electrode Impedance”). For
these reasons, this text deals only with surface electrodes.

By far the most popular surface electrode used in clini-
cal EEG work is the metal-disk electrode. Disk electrodes
are circular pieces of thin metal that may be flat or slightly
cup-shaped to hold the electrolyte that forms the metal-
electrolyte interface. The diameter may vary from 4 to 10
mm, the smaller disks being used mainly for recording in
infants. Some cupped-disk electrodes have a hole in the
center through which the electrolyte can be introduced
after the electrode has been attached to the scalp. Tin,
lead, solder, silver, and gold have been used in the con-
struction of disk electrodes. Gold electrodes, however, are
not pure gold but are simply gold plated over high-fine sil-
ver. The noble metals like gold, being less reactive than the
base metals, make the most stable, drift-free electrodes.

The disks are soldered to a flexible, insulated wire, and
this junction is carefully covered by a plastic material to
prevent moisture or any of the electrolyte from reaching
the solder joint. Should a breakdown of the plastic material
cause penetration by water and electrolyte, an active bat-
tery would be created at the junction of the dissimilar
metals resulting in large, electrode-generated artifacts. For
this reason, disk electrodes need to be handled carefully.
The EEG technician should never scratch the surface of an
electrode or bend or pull the electrode at the junction
between wire and disk. The electrodes should be kept dry
when not in use; avoid soaking them in water for long
periods of time. Appendix 7 takes up methods of disinfect-
ing metal-disk electrodes.

Application of Surface Electrodes

The hair and surface of the scalp should be clean and free
of hair oils, pomades, or other hair dressings before elec-
trodes are applied. For this purpose, it is desirable for the
hair and scalp to be washed the night before the EEG is
taken. As an alternative, topical cleaning at the measured
locations using an alcohol prep swab may be tried. After
the electrode sites have been measured off and marked ! an

! Details concerning measuring and marking electrode sites are
found in Appendix 5.
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electrolyte is rubbed into them. Some EEG technicians
call this procedure “scrubbing,” although, in practice, only
gentle rubbing is used. Preparations that contain free chlo-
ride ions and a mild abrasive for reducing the resistance of
the skin are available for this purpose.2 These are best
applied using a cotton-tipped wood applicator stick. To
protect both patient and technician from possible infec-
tion, special care is necessary so as not to scratch or break
the skin. Care also needs to be taken to avoid spreading the
material over an area much wider than the diameter of the
metal disk, as in doing so the effective area of the electrode
is increased beyond the limits of the metal disk. When this
happens, the localization capabilities of the electrode are
significantly reduced.

An extreme case of spreading the electrolyte too far
occurs when two adjacent electrode sites are involved. By
carelessly spreading the electrolyte over too large an area,
the two areas scrubbed may inadvertently overlap. This
condition, known as a “salt bridge,” creates a short circuit
between the two electrode sites. Leads attached to these
sites would not function as two separate electrodes but as
a very large, single electrode. More about salt bridges later
in this chapter.

Many different techniques have been used to secure the
metal disks to the scalp. The simplest and speediest
method is to use a conductive electrode cream or paste that
has adhesive properties sufficient to hold the disk in place.
In this case, a cupped disk is chosen. With the cup filled
with paste, the electrode is pressed firmly against the scalp
after the hair at the site has been separated. To keep long
hair out of the way, some EEG technicians braid the hair or
tie sections of it together with rubber bands. A small
square of gauze is placed over the electrode to retard dry-
ing of the paste.

Although paste is a satisfactory means of securing the
electrodes when the patient is cooperative and relatively
quiet, the leads are easily pulled away by the movements of
a convulsing patient or a very restless child. In these situa-
tions, the use of collodion is the best alternative. When col-
lodion is employed, a cupped disk with a hole in the center
is the appropriate choice. The electrode is held in place
over the measured location and collodion is spread around
its edges. A stream of compressed air must be used to dry
the collodion quickly. Special care should be taken to avoid
getting any collodion into the patient’s eyes. With the elec-
trode firmly in place, electrolyte is introduced through the
hole in the disk by means of a hypodermic syringe with a
blunt, wide-gage needle.

Other materials and methods have been employed to
secure the recording electrodes on the scalp. Thus, for

2 A preparation called “Omni-Prep®’ which is commercially avail-
able, has been used with considerable success by the authors.
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example, some laboratories have used bentonite or low-
melting-point wax. An entirely different approach makes
use of a cap or helmet that is tied to the patient’s head and
holds the electrodes in place. These methods are not dis-
cussed in this text. Interested readers may consult the
literature on EEG technology for further information.

Electrode Impedance

Assuming that the electrodes have been applied to the
measured-off locations on the patient’s scalp following one
of the procedures outlined above, the next step is to
“check” the electrodes. This involves measuring their elec-
trical impedance.

Impedance is measured by applying a small, external

“ voltage to the electrodes and then measuring the amount

of current flowing in the circuit formed by the leads. The
reader will recall from Chapter 2 that Ohm’s law states that

\%
1=z
or, rearranging the terms in the equation
\%
2=

This formula tells us that the impedance may be calculated
simply by dividing the applied voltage (V) by the current
(1) flowing through the circuit. Impedance meters used to
check electrode impedance allow the EEG technician to
read the lead impedance directly so that no computation is
necessary. Details relating to the impedance meter are
taken up in a later section.

Because impedance in the present application consists
of a combination of resistance and capacitive reactance
(see Chapter 2), AC is used to measure impedance of the
leads. Typically, the measurement is made by using a 10 to
30-Hz AC signal, which is well within the range of the
EEG frequency spectrum. Since the patient forms part of
the electrode circuit, the current also flows through the
patient. However, as current levels are very low—only a
few microamperes—the current poses no danger what-
soever and is rarely even perceived by the patient.

For optimal recording, it is generally agreed that the
impedance of a surface electrode should be less than 5K
ohms. Recording problems usually arise when the
impedance is either too high or too low. To understand
what happens when lead impedance is very high, it is help-
ful to look at the circuit that is formed with the patient by
the two electrodes and the amplifier. Such a circuit is seen
in Fig. 7.1A, where Vg is the voltage of the brain electri-
cal activity picked up by the electrodes, Zg, and Zj; are
the impedances of the electrodes, Z, is the input impe-
dance of the amplifier, and V is the voltage appearing at
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Figure 7.1. Equivalent circuits showing a pair of electrodes
attached to a patient’s scalp and connected to the input of an
EEG amplifier. (A) normal circuit; (B) circuit showing a salt
bridge.

the input of the amplifier. This basic circuit was already
analyzed in Chapter 2. Although in that instance only
resistance was present in the circuit, the same analysis is
applicable when impedance is substituted for resistance.

Referring back to Fig. 2.4 in Chapter 2, we find that the
EEG voltage divides across the three impedances so that
the voltage at the amplifier is always some fraction of the
EEG voltage. For the circuit in Fig. 7.1A, this voltage (after
rearranging the terms somewhat) is given by the formula

Zy

VA = ZA + ZEl + ZE2

VeEc

Let us examine what happens in this formula when Zg,

and Zg,, the electrode impedances, are allowed to vary.
Suppose Z, is equal to 2M ohms, and Zg; and Zg, are

each 5K ohms. This means that

~ 2,000,000 Voo
~ 2,000,000 + 10,000 ' EEG

VA = 0995 VEEC

Va

or the voltage present at the input of the amplifier is very
nearly identical to the EEG voltage. On the other hand, if
the electrodes were poorly applied to an unwashed scalp,
the impedance of each might be as high as 500K ohms.
Under these conditions,

Vi = 2,000,000 Voo
A7 2.000,000 + 1,000,000 EFC
VA = 0666 VEEC
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or the voltage present at the input of the amplifier is only
two thirds of the true EEG voltage. It should be clear from
this example that, to avoid excessive reduction of the
amplitude of the EEG voltages, electrode impedance must
be low by comparison with the input impedance of the
EEG amplifiers.

But the reduction in amplitude of the EEG voltages that
results from using high-impedance electrodes is not the
only reason why low-impedance leads are essential. A
more serious consequence is concerned with the recep-
tion (pick up) of 60-Hz artifact by the EEG amplifiers. It
happens that the amount of 60-Hz artifact that gets into
the amplifiers from the external environment is directly
proportional to the impedance of the circuits connected to
their inputs. This means that higher 60-Hz levels in the
tracings go along with leads of higher impedance and vice
versa. In the limiting case when impedance is equal to
zero, no externally generated 60-Hz activity would be
present in the tracings. This is the reason why the inputs of
the amplifiers are short-circuited to test for the presence of
60-Hz activity in the external environment. If a 60-Hz
artifact disappears when the inputs are short-circuited, we
conclude that the 60 Hz is external to the EEG machine
since the short circuit is virtually the same as connecting
zero ohms to the amplifier inputs.

Based on the formula for V, that we have been dealing
with, it would seem that the lower the electrode imped-
ance, the better the recording. In practice, however, this is
not the case. Recordings taken with leads of very low
impedance — measuring less than 500 ohms — usually indi-
cate that another phenomenon may be taking place. This
phenomenon is the salt bridge that was mentioned earlier
in the chapter. A salt bridge acts as a short circuit or path-
way of very low impedance between the two electrodes.
Figure 7.1B shows the equivalent circuit for a pair of
recording electrodes that have been bridged by the appli-
cation of too much electrolyte. With Zgz less than 500
ohms, it is easy to see that the brain electric currents will
be shunted away from the amplifier circuit. As a result, V,
will be very low amplitude and, in the limit, will be equal
to zero. Whenever a single channel on the EEG machine
shows activity that is of markedly lower amplitude than
the activity on the other channels, the person reading
the record as well as the EEG technician should suspect a
salt bridge.

Factors Affecting Electrode Impedance

Because electrode impedance is such a critical variable, it
is necessary to consider the factors that affect it and the
ways in which it may be reduced to acceptable levels. First,
we have the factor of surface area. Large-diameter disks
have more surface area than smaller diameter disks and for
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this reason have a lower impedance. This is why needle
electrodes, which have a small surface area by comparison,
may show a relatively high impedance even though they
penetrate the skin. Unfortunately, it is not practicable in
EEG work to reduce electrode impedance by increasing
the size of the electrode. When electrodes are larger than
10 mm in diameter, accurate localization becomes impos-
sible. Moreover, with very large disks the interelectrode
distances become so small that the danger of having a salt
bridge is significantly increased.

Empirical studies have shown that the impedance of a
pair of surface-recording electrodes on a patient is mainly
due to the skin on which the electrodes are placed. This
being the case, removal of the skin directly under the elec-
trodes would greatly reduce the impedance, but obviously
this is not possible in routine clinical electroencephalogra-
phy. Nevertheless, the practical alternative of gently rub-
bing a preparation containing an electrolyte and a mild
abrasive into the skin under the electrodes is usually quite
successful. Additionally, it also helps to allow a little time
for the skin to become hydrated and the electrolyte to soak
in before checking the electrodes. While waiting, the tech-
nician can spend the time filling in the clinical details in
the worksheet.

Electrode-Induced Artifacts

We already mentioned one major source of electrode-
induced artifacts in our discussion of residual potentials. It
was noted that for various reasons, a pair of electrodes may
act as a battery. This phenomenon, which is known as the
battery effect, may constitute an important source of
artifact in the recording if the voltage generated by the
electrodes is not stable.

Let us assume that a pair of electrodes of high inherent
stability is correctly and carefully attached to a patient’s
scalp. Will these leads yield a satisfactory recording? The
answer to this question is that it depends on the degree of
mechanical disturbance to which the electrodes are sub-
jected. In this case we are speaking of disturbance of the
metal disks themselves, not disturbance of the wires to
which they are attached. Artifacts produced by displace-
ment of the wires are termed movement artifacts and are
obviously avoided by preventing the lead wires from being
disturbed.

Mechanical disturbance of the disks produces an artifact
usually referred to as an electrode “pop.” Such artifacts
appear to result from a disturbance or instability of the
electrical double layer. According to Geddes (Geddes LA,
1972), electrodes that are relatively free of such artifacts
are those in which the electrode-electrolyte or metal-
electrolyte interface is removed from direct contact with
the patient. This would suggest that the metal disk itself
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should not touch the patient’s scalp but should be “floated”
on the surface of the electrolyte. The method of applying
leads that employs electrode cream or paste would seem to
satisfy this requirement admirably.

Detection of Electrode Artifacts

Electrode artifacts are best detected and identified by
including the suspected electrode as a common electrode
in a bipolar montage (see Chapter 11). What happens is
best described by an example. Suppose that of five elec-
trodes designated A, B, C, D, and E, electrode C is sus-
pected of producing an artifact. To confirm this, the elec-
trodes are connected to four EEG channels, as shown in
Fig. 7.2.

As electrode C in Fig. 7.2 is common to two channels, an
electrode artifact like a “pop” will be present in both,
namely, channels 2 and 3. Note that the deflections are of
equal size and of opposite phase in the two channels so that
one appears as the mirror image of the other. This happens
because electrode C goes to opposite grids of channels 2
and 3. Note also that despite their large size, the deflec-
tions are present only in channels 2 and 3, suggesting that
the disturbance has no field. This confirms that the deflec-
tions observed are artifacts and do not originate in the
patient. Indeed, an artifact should be suspected whenever
a deflection pattern like that shown in Fig. 7.2 is observed.
Had the deflections originated in the patient, there would
be a field surrounding the focus at electrode C. Depending
on the distances involved, this field could be picked up by
the electrodes connected to channels 1 and 4, which
would then show deflections similar to but of smaller
amplitude than those in channels 2 and 3. This is taken
up in Chapter 12 where the rules of localization are dis-
cussed.

Impedance-Measuring Devices

We have discussed electrode impedance and the theory of
measuring impedance in some detail. It remains yet to
consider the actual methods that are employed in practice.

Although it is easy to think of the impedance of a single
electrode, it is no simple matter to measure it. A little
thought will explain why. Impedance is measured by pass-
ing a current through the element to be measured. But
how do you pass a current through a single electrode? The
answer is that you cannot. An electric circuit always has
two connections, whereas a single electrode attached to
the patient has only one. What is needed to make a circuit
is a pair of electrodes. But this means that the measuring
current passes through two electrodes connected in series
so that the impedance measured will be the impedance of
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7. Recording Electrodes

Figure 7.2. Appearance of an elec-
trode artifact in bipolar recording.

Electrodes <

The tracings show the occurrence of
a “pop” in electrode C. Note that the
artifact appears only in the two
channels that are common to the
defective electrode and that the
deflection in one channel is the mir-
ror image of the deflection in the
other. Electrode “pops” bear a strik-
ing resemblance to the deflections
traced out by DC calibration signals.

both electrodes combined. In estimating the impedance of
one of the electrodes, we have to assume that each elec-
trode is one-half the total impedance.

Although the method just described for measuring the
impedance of recording electrodes is used extensively, it
has a serious problem. The problem is simply that we have
no assurance that the impedances of both leads in the pair
are the same. The same meter reading could be obtained
as well if one lead were high impedance and the other were
very low, and vice versa. A better method is clearly neces-
sary.

By the ingenious application of Ohm’s law and the rules
governing the combining of impedances, it becomes possi-
ble to solve this dilemma. To understand how this is
accomplished, consider the circuit shown in Fig. 7.3. This
circuit, which is a series-parallel circuit, consists of a single
impedance, Zy, connected in series with a total of 20
separate impedances that are hooked up in parallel. In
Chapter 2 we learned that the total impedance of a group
of impedances connected in parallel is equal to

1 .11 1
2y Z, Z, 1, Zy
or
1
Zio = 7 1 1 1
—_— + — + — + e ——
Zl ZZ Z:J Z20

The total impedance in the circuit, Z,,, is equal to

1
Ztotal = Z.\' + L . L . L . _l_
Z, Z, Z Zyo

Suppose, now, that all of the 20 Zs in this equation were

i

Electrode ‘‘Pop’’

approximately equal to each other in magnitude. Under
such conditions,

1
Ziga = Zyx + @—
Z,
or
Z,
Ziga = Zx + 20
If Zy = Z, = 5K ohms, total impedance is

Zia = 5,000 + 250
= 5,250 ohms

which means that the total impedance of the circuit differs
but little from the impedance of Zy.

The circuit just discussed embodies the principle upon
which modern impedance meters used to measure
impedance of a single recording electrode operate. Zy is
the electrode whose impedance we wish to measure, while
Z,_, are the impedances of the remaining 20 leads used
in taking a routine clinical EEG. Inside the impedance
meter box is a complex switching system. This switching
system alternately connects each of the electrodes at-
tached to the patient in series with all the other electrodes
that themselves have been hooked together in parallel.
Note that the impedance of any lead may be estimated to
within 5% of its actual value by means of this circuit.

The method of measuring impedance just described is
normally carried out before the patient is hooked up to the
EEG machine. Many EEG machines provide a means of
quickly measuring impedance of electrodes at any time
while the EEG is being run. This is a convenience since an
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Figure 7.3. Simplified circuit
of an up-to-date impedance
meter showing the series-
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electrode suspected of having a high impedance can be
checked without interrupting the test.

This feature is enabled by closing the electrode test
switch on the console of the machine and then pushing the
electrode test button. The electrode test switch automati-
cally adjusts the sensitivity of all channels to a standard
value, say, 7 uV/mm, and turns on a 30-Hz test oscillator.
Pushing the electrode test button feeds the 30-Hz signal to
the electrode pair of each channel. This signal is recorded
on each channel of the machine, and the recorded ampli-
tude of each tracing is proportional to the impedance of

the electrode pair connected to it; a peak-to-peak deflec-
tion of 1 mm = 2,000 ohms. By using a bipolar montage so
that some electrodes are common to two channels, the
EEG technician can figure out which electrode of a pair is
high impedance.

Reference

Geddes LA: Electrodes and the Measurement of Bioelectric
Events. New York, Wiley-Interscience, 1972.



Chapter 8
Electrical Satety

Everyone knows that it is potentially hazardous to be
standing outdoors in the rain during an electrical storm.
Most persons attribute the danger to the fact that the body
provides a pathway for the flow of electric current to
ground from a nearby discharge of lightning. In other
words, there is a risk of being struck by lightning. Since the
current levels in a typical lightning stroke can exceed
20,000 A, the danger is indeed a real one.

Common knowledge tells us that it can be dangerous
for a person to touch an uninsulated live electric wire. Yet
it is well known that birds often perch on such wires
without danger of electric shock. The difference lies in the
fact that in the former case, the body provides a pathway
for the flow of current to ground if the person is directly or
indirectly in contact with the earth. Thus, it is the flow of
current and not simply the presence of a voltage that con-
stitutes the danger, and it is the amount of current forced
through the body that is the real measure of a shock’s
intensity. How much current constitutes a danger? To
answer that question, it is essential to consider where a vol-
tage is applied and the pathway the electric current takes
through the body.

Macroshock and Microshock

The term macroshock applies to the type of hazardous
situations we have just described. Macroshock involves
currents that pass from one external surface area of the
body to another and are perceptible to the person exposed
to them. Although the effects will depend partly on the
actual pathway of the current through the body, Fig. 8.1
shows, in general, the physiological effects of various cur-
rent densities. Recalling that the current flowing in a cir-
cuit is directly proportional to the applied voltage and
inversely proportional to the impedance, it is readily
apparent that 120 V applied to a person whose impedance

across the connections is 5K ohms will cause 24 mA to
flow, which, by Fig. 8.1, is a dangerous shock. It should be
obvious, therefore, that ordinary 120-V AC house current
used to power the EEG machine can represent a potential
danger to the EEG technician and the patient. Indeed,
persons have been electrocuted by all kinds of appliances
that use ordinary house current.

Microshock is another electrical hazard that EEG tech-
nologists and others dealing with EEGs need to be con-
cerned about. Microshock is a term used to describe very
small currents that nevertheless may be lethal because of
where they are applied. Patients with indwelling elec-
trodes, catheters, or implanted transducers in the heart are
at considerable risk because these devices may provide a
pathway for the flow of electric current. Such currents may
be very small indeed—as small as 100 pA. However,
although 100 pA is harmless and not ordinarily percepti-
ble when applied to the external surface of the body, it may
be lethal when introduced directly to the heart. More will
be said about this problem and how it is resolved later in
the chapter.

In taking EEGs, electrical safety is concerned chiefly
with protecting the patient and the EEG technical from
inadvertently becoming a pathway for the flow of electric
currents to ground. To understand how this can come
about and how it may be prevented from occurring, it is
essential to understand the way in which “ground” is
involved in electrical circuits. For this reason, we begin our
discussion of electrical safety with a consideration of the
topics of ground and grounding.

Ground and Grounding
In the domain of electrical phenomena, “ground” can take

on a variety of meanings. The term itself refers to the
ground of the earth; indeed, the British speak of “earthing
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Figure 8.1. Physiological effects of electric currents. (From The
fatal current, Tektronix Service Scope, Dec 1965, #35, 1-2, by per-
mission of Tektronix, Inc., Beaverton, Oregon.)

a circuit” when they refer to “grounding” Thus, ground can
refer to any point in the earth to which an electrical circuit
may be connected.

Why does the earth play such an important role in elec-
trical matters? There are a number of reasons. In the first
place, the earth is an electrical conductor. This fact is of
considerable practical importance. To save on the cost of
insulated wire, many early electrical generating systems
used the earth as a return path for the flow of electricity in
their power distributing circuits! Except in cases of high-

I'The reader will recall from Chapter 2 that two connections are
always needed to make an electrical circuit. In this example, the
earth serves as one of these connections.
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voltage transmission, this practice has been largely aban-
doned in modern power distributing circuits where an
insulated wire is used for the return path. Nevertheless,
the earth continues to be of importance as this return wire
itself is grounded. This connection to earth provides a
stable reference of zero volts for the circuit as well as a safe
pathway to earth for electrical currents produced by
lightning in a storm.

Inside the home as well as in the EEG laboratory, the
term ground takes on a more specific meaning. In this case,
ground refers to the third contact on the 120-V AC electri-
cal outlets found along the walls of any room. This is the
contact that mates with the third contact (the long prong)
on the plug of the power cord running to the EEG
machine. If you trace where the long prong on the plug
goes, you will find that it is connected to an insulated wire
(the green wire) in the power cord? Once inside the
machine, this wire is ultimately connected to a number of
different points. Among them are the ground jack on the
electrode board of the machine, the ground connections of
the differential amplifiers, and the console of the machine
itself. Note that the console is made of metal, which is a
good conductor of electricity, and that the metal chassis
completely encloses the electrical and electronic circuits
contained in the machine.

Going now in the opposite direction, that is to say, from
the previously mentioned third contact in the wall socket
into the wall structure, you will find that this contact is
hooked up to a wire covered with green insulation. Note
that this wire matches the color of the wire inside the
power cord to which it corresponds; green always indicates
a ground wire in modern electric power distributing sys-
tems. Following the wire to its source, you will discover
that it is connected to the earth. Connection to ground is
usually made by way of a large-diameter cold water pipe or
by a metal rod(s) or plate buried in the earth. As the
plumbing in most houses or structures is metal, and it
makes contact in one way or another with the earth, the
various pipes themselves become grounded. Electrically
speaking, therefore, a person touches earth whenever he
or she comes in physical contact with any metal part of a
house’s permanent structure.

Given these basic wiring facts, it can be deduced that (1)
the console of an EEG machine is (or should be) grounded
when the power cord is plugged into an appropriate 120-V
AC socket, and (2) any metal fixtures in the EEG labora-
tory that are a permanent part of the room (electrical
switch plates, heating pipes and ducts, metal sinks, water
pipes, faucets, drain pipes) are (or should be) grounded.

2The other two wires in the cable —one with black insulation
(the hot wire) and the other with white insulation (the return
pathway) — provide the 120-V AC that runs the machine.
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This is a well-thought-out plan for which there is good rea-
son, which is embodied in the first rule of electrical safety
for the EEG laboratory. Simply stated, this rule says that
for safe operation all metal objects and exposed metal sur-
faces in the EEG laboratory must be connected to ground.

Why is grounding an essential part of safe operation? We
can answer this question best by considering what could
happen if a fault developed inside the EEG machine. Sup-
pose one of the many current-carrying wires that are inside
the machine came loose and touched the inside wall of the
machine’s chassis. What would happen? With the chassis
of the machine properly grounded, the current would be
carried away harmlessly to ground without offering any
danger to the EEG technician operating the machine. On
the other hand, if the EEG machine were ungrounded and
the EEG technician happened to be touching it while at
the same time making contact with a heating duct or pipe
in the laboratory that was grounded, current would flow to
ground through the technician’s body. In other words,
being in contact with ground is dangerous if there are
sources of electric current nearby that can make connec-
tion with the body. This is analogous to what happens
when a person stands on the ground outdoors during an
electrical storm. The result in either case could be a seri-
ous injury, if not loss of life.

Because proper grounding of the EEG machine is so
important, the EEG technician should periodically check
the installation to verify that the ground connection is
intact. How thics is done is taken up in Appendix 3.

Leakage Currents

As we just mentioned, a potentially dangerous situation
exists if the ground connection of the EEG machine is
interrupted and a fault were at the same time to develop
within the machine. But now suppose that the machine
became ungrounded, as in the previous example, but no
fault was present in the machine. Is there still a potential
for harm?

To understand what happens in this case, it is important
to recognize that the power cord and parts of the power
supply of the EEG machine behave like a number of capa-
citors connected together in parallel. The green ground
wire acts as one side of the capacitors while the current-
carrying wires of the power cord act as the other. The
effect, which is known as stray capacitance, is distributed
along the entire length of the cord. With 60-Hz 120-V AC
applied to the hot wire of the power cord, a current will
flow through the capacitive reactance formed by the stray
capacitance. This current is called the leakage current. Its
magnitude depends on the length and characteristics of
the power cord and on the design and construction of the
power supply. Leakage currents are not negligible; for a
6-ft power cable they may range between 7 and 60 pA.
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Normally, the leakage currents generated in the EEG
machine pass harmless to ground. However, should the
ground wire that connects the machine to earth be inter-
rupted, these currents need to find alternative pathways.
One pathway is via the chassis of the machine. Another is
back through the input and the recording electrodes. This
means that the EEG technician and the patient hooked up
to the machine are both at risk from these currents—the
patient because he or she is connected to the EEG elec-
trodes and may also be connected to some other equip-
ment that is grounded, and the EEG technician because
he or she may be touching something connected to
ground. Because of this risk, leakage current limits have
been specified for EEG machines. The maximum allow-
able chassis leakage current with the ground wire of the
power cord interrupted is 100 pA. For the inputs of the
machine, a leakage current of up to 50 nA between elec-
trodes and ground is allowed. It should be obvious from
our discussion thus far that protection against chassis leak-
age currents is afforded by making sure that the EEG
machine is connected to ground when the power cord is
plugged in. How chassis leakage current is measured is
taken up in Appendix 4.

Patient Grounding

Thus far we have been talking about the grounding of the
EEG machine. In routine clinical EEG recording, a
ground lead is usually attached to the patient. By means of
this electrode, the patients gets connected to earth via the
ground wire of the EEG machine. But if being in contact
with ground is a potentially hazardous condition, does not
the deliberate use of a ground connection pose a serious
danger to the patient? And why is a ground lead attached
to the patient in the first place? We take up the latter ques-
tion first. But before doing this, some background informa-
tion is in order.

We all know that radio and ordinary television are
methods of communication that employ no wires between
transmitter and receiver; they are wireless systems. In
principle, their operation is relatively simple. A transmitter
beams out an alternating electrical voltage that produces a
widespread electrical field. At a distance from the trans-
mitter is the receiver to which an antenna is connected.
The antenna is nothing more than an electrical
conductor—in its simplest form, a loop or coil of wire. In
Chapter 5 we noted that an electric current could be
induced in a conducting circuit that is placed within range
of a changing magnetic (electrical) field. In the case of
radio and television, such currents are induced in the
antenna of the receiver. These currents are very feeble
indeed. Nevertheless, when amplified and suitably
processed (demodulated), they emerge as radio and televi-
sion programs.
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It happens that by attaching EEG leads to a patient’s
head, we create what turns out to be a pretty good antenna.
In some cases this antenna has been known to pick up
strong local radio and television stations. As might be
expected, such signals are capable of introducing artifacts
into the EEG tracing. In practice, however, interference
from radio and television is generally not a problem in
EEG work since the high-frequency filters largely elimi-
nate these sources. What is a problem, however, is the
60-Hz power lines. These power lines, which act like a
transmitting antenna, are almost everywhere. The result is
that a 60-Hz electrical field is almost impossible to avoid
under ordinary circumstances3

When placed within range of a 60-Hz electrical field,
a patient with EEG leads attached serves as an excellent
receiving antenna. Because the body acts like a capacitor
with respect to the earth, 60-Hz AC will flow in this
antenna circuit. Although the current flowing in this
antenna circuit is normally too small to pose any danger to
the patient, it frequently generates voltages that are large
enough to be recorded by the EEG machine. In some
cases, 60 Hz artifact can obliterate the EEG tracings* By
placing a ground electrode on the patient, we effectively
ground the antenna. As a result, these currents are signifi-
cantly reduced, especially if the ground electrode is
located somewhere on the patient’s head. This means that
the differential amplifiers in the EEG machine have less
60-Hz activity (less common mode voltage) to discrimi-
nate against.

So we see that the patient’s ground connection is essen-
tial for reducing 60 Hz artifact in the EEG tracings.
Indeed, the presence of 60 Hz in a recording is frequently
indicative of a poorly attached ground lead. But the advan-
tage gained by using a ground lead is not obtained without
some cost. By deliberately grounding the patient, we sub-
ject the patient to the risk of electrical shock should he or
she come into contact with a live voltage or with a current-
carrying wire. When this happens, the patient serves as a
direct pathway for the flow of current to ground. How
might such a situation come about in practice?

There are a number of possible ways in which a patient’s
body might provide a pathway for the flow of current to
ground in the EEG laboratory. In discussing the ways, the
reader will argue that they are all highly unlikely events.
This, of course, is true. Nevertheless, when talking about
safety, unlikely events need to be considered because they
are known to have occurred at one time or another.

3So-called electrically shielded rooms have been employed to
screen out 60-Hz fields. However, such rooms are rarely used, if
at all, in routine clinical EEG work. For this reason, they are not
discussed in this text.

4In some cases it is possible to measure as much as a volt or two
of 60-Hz AC between a point on the body and the earth.
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Indeed, patient safety may aptly be defined as protecting
the patient against all unnecessary risks no matter how
improbable their occurrence.

One possible source of risk to the patient occurs if the
patient’s body happens to be touching the chassis of the
EEG machine or some other metal fixture in the room that
should be grounded, but through some fault is not. When
this happens, the patient serves as the pathway to ground
for the leakage currents discussed in the last section.
Moreover, the patient would be at additional risk if an
electrified device or current-carrying wire happened to
make electrical contact with the ungrounded chassis or
metal fixture.

Another way in which the patient’s body could provide a
pathway for the flow of current to ground would occur if
any of the 21 EEG electrodes attached to the patient’s
head were suddenly to acquire a voltage other than the vol-
tages derived from the patient. This might come about if
an internal failure occurred in a differential amplifier and
the power supply voltages of the EEG machine somehow
became connected to the amplifier’s input circuit. Need-
less to say, the probability of this happening is very, very
low indeed. Nevertheless, to minimize this potential haz-
ard, some EEG machines employ optical coupling devices
in the input circuits to isolate the patient from inadvertent
contact with dangerous power-supply voltages.

The greatest possible risk to a patient who is having an
EEG taken occurs when other electrical devices besides
the EEG machine are connected up to the patient at the
same time. This is not an uncommon occurrence, espe-
cially when EEGs are done in hospital rooms or in the
intensive care unit (ICU). As a general rule, the more
instruments and devices of various kinds one connects to a
patient, the more chances there will be of encountering a
fault of some kind. Devices such as ECG machines, electri-
cally powered blood pressure monitors, instruments con-
nected to indwelling catheters, and electrically powered
implants may all have their own ground connection with
the patient. If any of these ground connections (or the
EEG ground) developed a fault, leakage current from the
device could flow through the patient on its way to ground
via the remaining intact ground connections. Depending
on the precise pathway followed by the current through the
body, the result could be destructive if not actually life
threatening.

Effect of Patient Impedance

By now it should be clear to the reader that the danger
from leakage currents and currents resulting from some
fault in any electrical device connected to the patient
comes from the possibility that these currents might flow
to ground via the patient’s own body. The actual amount of
current that could flow through the patient depends on his
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or her impedance. As we know from Chapter 2, this rela-
tionship is given by Ohm’s law, which states that current
flow in a circuit is equal to the voltage divided by the cir-
cuit’s impedance. This means that the patient’s impedance
is an important factor in electrical safety: if the patient’s
impedance is high, less current will flow through his or her
body than if impedance is low.

The impedance of an ordinary surface EEG electrode
attached to the patient is attributable largely to the imped-
ance of the skin under the electrode. For this reason, elec-
trical contacts that bypass the skin and go directly inside
the body may offer extremely low-impedance pathways for
the flow of electrical currents. For example, a catheter that
carries fluids to or from the body presents a current path-
way having an impedance as low as 500 ohms. If such a low-
impedance pathway were connected inadvertently to a
current source, injury or death could result. This is one of
the reasons why taking EEGs in the ICU presents a greater
potential risk of electrical shock to the patient than taking
them in the EEG laboratory.

The EEG Technician’s Role
in Patient Safety

Aside from ensuring that the EEG equipment used is
designed, constructed, and maintained with a view to the
operator’s and patient’s safety, what can the EEG tech-
nician do to minimize the risk of an electrical accident
happening?

First of all, it is important to identify what electrical
equipment, if any, is already hooked up to a patient before
attaching EEG leads. Remember that the more wires you
connect to a patient, the more chances there are of faults
being present or developing and the greater the risk of
electric shock. When an electrical device already con-
nected has a ground of its own on the patient, do not attach
an EEG ground to the patient but use the already existing
ground instead. If this results in unacceptably high levels
of 60 Hz artifact, remove the existing ground lead and
replace with the standard EEG ground electrode place-
ment —usually the center of the patient’s forehead. A good
general rule to follow is that there should be only one
ground electrode attached to the patient at any one time.

Second, an electrode board having an isolated ground or
isoground can be employed instead of the commonly used
unit. The isolated ground limits current flow to ground via
the EEG ground electrode to safe levels regardless of any
faults that might develop in other connections to the
patient. How this device works is taken up in the next
section of this chapter. Finally, if other electrical devices
are connected to the patient in addition to the EEG
machine — as frequently happens in the ICU —the use of a
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so-called bipotential isolator electrode board is strongly
recommended. The bipotential isolator ensures that the
EEG lead connections are neither the source of hazardous
currents flowing through the patient, nor the means
whereby dangerous currents can find their way to ground.

Isolated Ground and Biopotential Isolator

Recognizing the potential hazards associated with con-
necting a patient to ground, there is obvious need for some
kind of fail-safe method or device to protect the patient.
The isolated ground, which is a product of modern tech-
nology, is just such a device. What exactly is the isolated
ground, and how does it function to protect the patient?

Properly speaking, the isolated ground does not really
isolate the patient from the ground at all. If we wanted to
“isolate” the patient from any connection with ground, the
ground electrode could simply be left off the patient. But
as we learned earlier in this chapter, a ground electrode is
important — it is needed to minimize the amount of 60 Hz
artifact in the EEG tracings. In reality, the isolated ground
is a sophisticated current-limiting device. One such device
employs a solid-state component that is connected in ser-
ies with the ground electrode connected to the patient.
This component acts like a resistor in the circuit, like a
variable resistor. With little or no current flowing in the
ground circuit, the solid-state component has a relatively
low resistance that ranges between 4K and 6K ohms. How-
ever, should the current flowing in the circuit increase and
approach hazardous levels, the resistance of the compo-
nent increases and quickly can become very high. Since by
Ohm’s law current is inversely proportional to resistance,
this circuit prevents dangerous levels of electric current
from flowing through the patient’s body on into ground.

The isoground device can protect the patient only from
electrical currents finding their way to ground via the
ground lead. In routine clinical electroencephalography,
there are 21 other electrodes attached to the patient. If
a fault developed in any one of these input connections
to the EEG machine, and if any other electrical device
besides the EEG machine happened to be hooked up to
the patient, the patient could serve as a pathway for the
flow of hazardous currents between these points. To pro-
tect the patient against this potential danger, the bio-
potential isolator may be used. This device is a special elec-
trode board in which a current-limiting solid-state
component like that used in the isolated ground is con-
nected in series with each of the 21 leads (as well as the
ground lead) that are attached to the patient’s head. By
using the biopotential isolator, none of the electrodes con-
nected to the patient during EEG recording can serve as a
pathway for the flow of dangerous electrical currents
through the patient.
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Although the safety provided the patient by the
isoground and the biopotential isolator is of prime con-
cern, if should be recognized that the benefits are not
obtained without some cost. The solid-state component
that is the heart of these devices has a resistance that is
considerably greater than zero even at very low current
levels. As one of these components is connected in series
with each EEG lead, the resistance of the component gets
added to the electrode resistance. This being the case, the
EEG technician should recognize the consequences of
using these devices.

In the first place, when an electrode board having an
isoground is used, the EEG technician will discover that
impedance measurements of the ground lead are always
higher than the impedance measurements of the other
electrodes. This obviously happens because the imped-
ance-measuring device displays impedance of the elec-
trode plus impedance of the current-limiting device that is
connected in series with the electrode. Secondly, EEGs
taken when using the biopotential isolator will generally
show higher levels of 60 Hz artifact than EEGs taken using
the standard type of electrode board. The reason is that the
impedance of the current-limiting device increases the
total impedance of a pair of electrodes, and 60 Hz artifact
is always greater with higher electrode impedance. The
upshot is that the EEG technician needs to use special
care in attaching EEG electrodes to ensure low
impedances when using a biopotential isolator.

Ground Loops

A ground loop is a condition that occurs whenever more
than one ground wire is attached to a patient. The loop, of
course, is produced by the patient making an electrical
connection between the two ground wires. Earlier in this
chapter we noted that placing more than a single ground
connection on the patient was potentially dangerous. This
was to be avoided because the two ground connections
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might be at different voltages, thereby causing a current to
flow through the patient’s body. But although patient safety
is the most important reason for avoiding a ground loop, it
is not the only reason. Previously we mentioned that the
wires running to the EEG electrodes attached to the
patient create an antenna that picks up 60 Hz artifact. The
same is true of a ground loop. As the loop is surrounded by
a 60-Hz field, Faraday’s principle of electromagnetic
induction applies, and a 60-Hz current will be induced in
the loop. Depending on the strength of the field and the
area enclosed by the loop, a 60 Hz artifact may be recorded
in the EEG tracings.

A ground loop does not necessarily have to involve a
patient. If two separate pieces of electrical equipment
each having a ground wire of its own happen to have their
metal chassis touching, a ground loop will be formed. This
can happen in the EEG laboratory when the chassis of a
photic stimulator grounded by its power cord is allowed to
come in contact with the chassis of the EEG machine.
Being surrounded by a 60-Hz field, the loop will have a
current induced in it and thereupon a voltage will be
developed. By Ohm’s law, this voltage is equal to IZ, the
product of the current and the impedance; if large enough,
it may be recorded as a 60 Hz artifact in the EEG tracings.
Many seemingly mysterious 60 Hz artifacts observed in the
EEG laboratory are explained in this way. As Ralph Morri-
son, author of a text on grounding techniques, rightly
stated, “Basic physics, when properly applied, explains all
known electrical phenomena ... Most . .. grounding
problems are just Ohm’s law” (Morrison R, 1967).

The general grounding rule to follow is that all electrical
devices, as well as the patient, should have their own single
connection to ground, and the ground connection should
be common to everything.

Reference
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Chapter 9

Elementary Practical Troubleshooting

Methods

In the early days of electroencephalography, a person
wanting to take an EEG frequently had to play the role of
an electrical engineer and electronic technician, as well as
an all-around mechanic. The EEG machines in the 1930s
through early 1950s were often makeshift, home-made
rigs that were unreliable and sometimes temperamental —
or so it seemed. It was not uncommon to interrupt an EEG
recording to correct some malfunction caused by a noisy
or microphonic vacuum tube or a discharged or leaky bat-
tery, or to eliminate an artifact produced by the corroded
contacts on a switch or connector. Because 60-Hz notch
filters and amplifiers with high common-mode rejection
were not yet available, 60 Hz artifact was a constant source
of harassment. Such problems, it can be imagined, made
the outcome of a recording session uncertain.

The availability of today’s more sophisticated EEG
machines has ended all that. The EEG technician can now
obtain a recording without having to minister to the needs
of a malfunctioning machine. Nevertheless, modern
machines are not entirely free of malfunction, and the
EEG technician or the person interpreting the record is
sometimes called upon to diagnose the cause of a fault or
breakdown. Any but minor repairs or adjustments that may
be necessary, however, typically are left to the manufac-
turer of the machine or to its representative. Additionally,
the EEG technician or interpreter may sometimes have to
discover the source of artifacts appearing in a record that
originate outside of the EEG machine.

Basic Principles

Despite its complexity, an EEG machine is relatively easy
to troubleshoot. This is occasioned by the fact that EEG
machines are composed of a number of identical channels,
each usually consisting of several separate, interchangeable
modules. In many machines, moreover, components such

as the montage switch, power supply, calibrator, and chart
drive are of modular construction as well and may easily be
removed and replaced. From these facts the two main
methods of troubleshooting emerge. These are, first, the
method of substitution for diagnosing malfunctions and
breakdowns limited to a single channel of the machine,
and second, the method of isolation or elimination in the
case of malfunctions or breakdowns that are common to all
channels of a machine.

Single-Channel Problems —The Principle
of Substitution

The simplest kind of single-channel problem is when a
channel fails completely. You turn on the machine and
despite your double checking and triple checking the
setup and connections, nothing happens. Although the
other channels are all operational, this channel will record
neither an EEG or a calibration; it is completely dead. At
this point you could employ the method of substitution
that will shortly be discussed. But the most likely cause of
this kind of breakdown is a burned-out fuse if the circuit
that provides the power needed to run the amplifier is
fused. So it is worth checking the fuse(s) in the amplifier
first.

The instruction manual that comes with the machine
shows how to locate and replace amplifier fuses; spare
fuses are usually provided in a repair kit that also comes
with the machine. If a fuse needs to be replaced, it should
be recognized that a burned-out fuse is frequently only a
symptom —a symptom that there may be some malfunc-
tion present within the circuit protected by the fuse. If the
fuse you replace burns out repeatedly, the amplifier will
need to be returned to the manufacturer for repair. On the
other hand, if a burned-out fuse is not the problem, it will
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be necessary to make use of the substitution method to
locate the source of the problem.

Despite its simplicity, the method of subsitution is a
powerful technique for discovering the source of a mal-
function. Nevertheless, there are pitfalls associated with its
use that need to recognized. These can best be
appreciated by looking at a simple example.

Suppose that in calibrating your machine prior to taking
a patient’s EEG, you suddenly discover that channel 5 is
behaving peculiarly. Although all the other channels of the
machine display a horizontal, perfectly straight line, the
pen of channel 5 wanders about erratically. A short strip of
recording reveals that this channel is tracing out a voltage
in the theta and delta frequency range. Since the artifact
has a magnitude of about 50 uV; it can significantly con-
taminate the EEGs recorded on this channel.

Where does the artifact come from? Before even
addressing this question, the experienced EEG techni-
cian will quickly double check the machine and verify
that channel 5 is set up correctly and that all the switches
are in their proper positions. Some technicians may even
index all the switches on this channel back and forth
several times to assure that the switch contacts are free
of any foreign material. (The role of switch contacts in
producing artifacts is discussed later in this chapter.)
Having done this, however, you discover that the artifact is
unchanged. Now the only recourse is to apply the method
of substitution.

After selecting one of the good channels for the substi-
tution, say channel 3, you need to decide which of the
modules to substitute. You can, of course, routinely substi-
tute all of them, one at a time. But experience has shown
that the most likely source of a problem such as this will be
the amplifier, or preamplifier if the preamplifiers in your
machine happen to be separate, modular components. So
you remove the amplifier in channel 5 (the bad channel)
and replace it with the amplifier from channel 3 (the good
channel). The malfunction disappears. Channel 5 is now
0.K., and you conclude that the amplifier that was origi-
nally in channel 5 is faulty. But in doing so, you would be
making an inference and leaving yourself open for a pos-
sible error.

The error we refer to derives from the fact that the mal-
function could have been due to the connector that the
amplifier was hooked up to as well as the amplifier itself. It
is not unusual for the contacts in a connector to become
noisy spontaneously and for the problem to be cleared sim-
ply by breaking and remaking the connection, as happens
when an amplifier is removed and replaced. To rule out
this possibility, it is essential to do a double substitution; in
other words, you need to observe the result of installing the
amplifier from channel 5 (the bad channel) in channel 3
(the good channel) as well. If after doing this the artifact
moves with the amplifier, i.e., channel 3 now shows the
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same artifact that was seen on channel 5, you can be
reasonably sure that the channel 5 amplifier is the culprit.
As a double check, it is good practice to return the ampli-
fiers to their original positions and verify that the artifact
moves from channel 3 back again to channel 5. In the event
that the malfunction was caused by a dirty contact in the
connector, the problem may be corrected by cleaning the
contacts. The procedure to follow is detailed later in this
chapter under “Connector and Switch Contacts”

Before going through the double-substitution proce-
dure, a few precautions should be observed. First, for
safety’s sake make sure that the main power switch on the
machine is off while you make the substitutions. Second,
consult the instruction manual that comes with the
machine before removing an amplifier or, for that matter,
any other modular component. Many manufacturers have
special methods and some even have special tools that aid
in removing the modules. Third, all connectors should be
handled carefully and protected from dust, dirt, and espe-
cially from electrode paste or jelly. They should be plugged
into their mating connectors firmly but never forcefully as
the contacts are easily bent or damaged.

The method of substitution can be applied to check the
power amplifiers, lead selector switches, filters or penmo-
tors, assuming, of course, that they are all of modular con-
struction. Once the fault has been localized to a particular
module, it is a relatively easy matter to correct the
problem. Thus, most manufacturers of EEG machines will
ship you a “loaner” module to replace a malfunctioning one
if you telephone and describe the symptoms of the mal-
function, explaining what tests you have carried out to
localize the fault to a particular module. Use the packing
material from the loaner to package the faulty module and
return it to the factory for repairs. To document the fault,
it is helpful to send a strip of record from the machine
showing the nature of the malfunction as well as a brief
explanation along with the defective module. The reason
for this is that rough handling that might occur during
shipping could cause an artifact produced by a poorly sol-
dered joint in a circuit to momentarily disappear. Should
this happen and the factory had no record documenting
the malfunction, the credibility of the person returning the
module might be questioned.

Single-Channel Problems Observed
During EEG Recording

In the just-completed discussion, the artifact present in
channel 5 was observed during the calibration done prior
to taking an EEG. Suppose, instead, that the same peculiar
signal was observed on a single channel of the chart while
an EEG was being taken. Now, thinking that this signal is
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an artifact of the kind discussed in the last section, you
quickly switch the machine over to calibration to observe
it more closely. In doing so, the peculiar signal disappears
and the channel calibrates properly. Could this voltage,
this peculiar signal, be an instrumental artifact?

If the recording happened to be from a referential mon-
tage, it would be impossible to judge whether the voltage
in question was an instrumental artifact, an electrode
artifact, or a voltage generated by the patient. To inves-
tigate, you switch to a bipolar montage. In so doing, you
find that the peculiar signal is present now on two chan-
nels, both of which have a single electrode in common.
This finding rules out the possibility that the voltage is due
to an intermittent malfunction in the channel on which the
artifact was first seen, or to a fault in the lead selector
switch or montage switch. However, it still could be an
instrumental artifact that is associated with the electrode
board, an electrode artifact, or a voltage from the patient
—the latter possibility depending on the presence and dis-
tribution of the voltage in adjacent leads. Artifacts associ-
ated with the electrode board are taken up in the next sec-
tion. The other possibilities are considered in Chapters 7,
11, 12, and 13.

Electrode-Board Artifacts

While electrode-board artifacts are not common, they can
occur if the EEG technician is careless about using elec-
trode paste and prep materials like Omni-Prep®, allowing
them to be smeared on the plug ends of the electrode
wires. When this happens, the electrode paste or other
material may be transferred to the jacks on the electrode
board where it dries and cakes up. Sometimes, the salt
present in these materials actually causes corrosion of the
jacks. The caking and/or corrosion produces a high resist-
ance contact between the plug of the electrode wire and
the electrode-board jack. The result of this condition may
be a variety of curious, frequently intermittent artifacts in
the tracing, or tracings if the lead is connected to more
than one channel of the machine.

Electrode-board artifacts are particularly troublesome
because they are often mistaken for electrode artifacts.
When first observed, the EEG technician will invariably
reapply the electrode involved —sometimes several times
—without any effect whatsoever. After doing this, most
technicians would suspect the problem to be a faulty elec-
trode and would replace it with a new one, but again to no
avail. At this point, the evidence clearly suggests that the
voltage in question either is generated by the patient or
arises from a fault in the electrode board and/or connector
of the interconnecting cable. Whether the patient or the
machine is to blame may readily be decided by plugging
the electrode under consideration into a spare jack on the
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electrode board and adjusting the appropriate lead selec-
tor switch to this new position. If the peculiar voltage dis-
appears, it is obvious that the voltage is an instrumental
artifact.

What can be done to correct this problem? Dried elec-
trode paste or other material clogging a jack in the elec-
trode board can sometimes be removed by dipping a
wooden dowel the size of the pin plug on an electrode wire
into some alcohol and working it back and forth in the jack.
Great care must be taken that the dowel does not break off
in the jack, or that the inside of the jack is not damaged. If
the jack is already corroded, this procedure will probably
be futile. In such a case, the only recourse is either to dis-
continue using the defective jack and use a spare one on
the board instead — remembering that the lead connected
to it will need to be switched in separately if you use a
montage switch—or to ship the electrode board back to
the factory for repair.

A better way of dealing with this problem is simply to
prevent it from occurring. This is readily accomplished by
the technician ensuring that his/her hands are free of elec-
trode paste and other such materials before the plug ends
of the lead wires are handled. Similarly, care in handling
the electrodes after they have been removed from a patient
also can help. Experienced technicians never let the plug
ends of their electrodes touch the disk ends if the latter are
covered with electrode paste.

Rarely, the hypothetical artifact we have been discussing
may originate not from the electrode board itself but from
a faulty contact in the connector of the interconnecting
cable (the cable that connects the electrode board to the
EEG console). What to do in this event is discussed later in
this chapter under “Connector and Switch Contacts.” Such
artifacts are particularly bothersome, frequently coming
and going without apparent rhyme or reason.

Problems Common to All Channels

These include both the simplest and the most difficult
problems to diagnose. They may have their origin either
inside or outside the EEG machine. Artifacts or break-
downs common to all channels that originate inside the
EEG machine arise from a variety of causes. Artifacts
originating outside the EEG machine may be caused by
disturbances in the power line, noise in the earth or ground
connection, and noise in the environment in which the
EEG laboratory is situated. We will consider externally
generated artifacts first, but only very briefly because
these artifacts are not normally within the purview of the
EEG technician. Dealing with them first does not imply
that externally generated artifacts take priority over
artifacts originating inside the machine in practical cases
of troubleshooting.
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Externally Generated Artifacts

These can be the most difficult to diagnose and eliminate.
The suspicion that an artifact originates outside the EEG
machine can be arrived at in a number of ways. You might
already have searched for the source in the machine itself
and failed to find it. Or you may have tried another EEG
machine in the identical location and experienced much
the same problem. Or the pattern and time of appearance
of the artifact may suggest that its occurrence is coincident
with some activity or event in the vicinity of the laboratory.

If you suspect that a particular artifact does originate
outside of the EEG machine, you need first to isolate the
problem to either the power line, the ground, or the
environment. Artifacts from the environment invariably
get into the EEG machine by way of the inputs. To identify
the environment as the source of the artifact, or to rule it
out, you need to find out what happens when you short-
circuit the inputs of all the channels. This is done for each
channel by switching both G1 and G2 to the same position.
To avoid interaction between the channels, choose a differ-
ent lead selector switch position for each channel. If after
carrying out this test the artifact disappears, it can be con-
cluded that the artifact originates somewhere in the
environment.

Artifacts originating in the environment can come from
a variety of sources. The power lines and transformers in
the vicinity of an EEG machine, which operate at 60 Hz in
the United States and 50 Hz in Europe, are the most com-
mon points of origin. Note that although their origin may
be the same, the place of entry of power line artifacts that
we discuss next is different. Thus, while environmental
artifacts are coupled through the inputs, power line
artifacts get into the machine directly via the power cable
that runs to the machine. Another possible source of
environmental artifacts is a winking fluorescent lamp in
the vicinity of the EEG machine. A less likely but possible
source is a radiotelegraphy station located close to the
EEG laboratory.

The latter is of particular interest because one of the
authors has had some experience with it. For months the
EEG laboratory was plagued by the occurrence of
medium-to-high amplitude spikes on the tracings of all
channels of the machine. These spikes, which occurred in
a variety of apparently random patterns, would appear
suddenly at any time during the day; they continued for as
much as a couple of hours, and then disappeared as
abruptly as they had started. They clearly originated from
the environment because they disappeared when the
inputs were short-circuited. Where did the artifacts come
from? Well, one day while recording and observing them
for at least the hundredth time, the thought occurred that
the spikes were not appearing entirely at random but fol-
lowed some organized pattern. A quick reference to the
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Morse code reference in the dictionary revealed that this
was indeed the case. We were able not only to decode the
message being sent at the time, but also to get the transmit-
ter’s call letters. The transmitter, we found, was owned by
a ham operator—a student at the university. When he
learned about our problem, he obliged us by going off the
air whenever we were taking EEGs.

If after short-circuiting the inputs of all the channels the
artifact still remains, you need to consider whether the
power line into the EEG machine is the source. When an
EEG laboratory shares the same power line with electrical
equipment having heavy start-up current loads like large
motors and x-ray machines, power line artifacts are not
uncommon. To identify the offending piece of equipment,
it is necessary to check out the EEG machine when the
equipment in question is not in operation. Sometimes, as
in the case of elevator, pump, or fan motors, this may be
only on nights and holidays. Should you find that a particu-
lar piece of equipment using the line is responsible for the
artifact, it may help to plug the EEG machine into a differ-
ent electrical outlet if one is available in the laboratory. It
is not unusual for a single room to be served by two differ-
ent branches of the power line and for an artifact to be
worse on one branch than on the other. If this fails to allevi-
ate the problem, the only choices are to eliminate the
offending equipment, to move the EEG laboratory to
another location, or to install a surge suppressor or a spe-
cial isolation transformer on the power line feeding the
EEG machine. But this decision is best left to a specialist
—an electrical engineer or biomedical technologist.

Once you have eliminated the environment and the
power line as sources of an artifact and you are sure that it
does not originate within the EEG machine, the source
remaining is the ground. Noise originating in the ground
wire is most troublesome because it may be extremely
difficult to diagnose, costly and sometimes impossible to
eliminate. The first thing to do is to make sure that any
auxiliary electrical equipment used in the EEG laboratory
has a wire of its own going directly to ground, i.e., that
other equipment does not get its connection to ground via
the EEG machine. Be sure also that the chassis of the EEG
machine and any auxiliary equipment used are not in
actual contact with each other. This is important because
with the two chassis touching, a ground loop is created. A
ground loop provides an alternative pathway to ground for
the auxiliary equipment via the EEG machine and vice
versa. If the auxiliary equipment should happen to be
generating some kind of electrical noise and leading it onto
the ground wire, the noise could find its way into the EEG
machine. The topic of ground loops is taken up in some
detail in the chapter on electrical safety.

If the artifact is not generated locally, you will need to
look outside the EEG laboratory for the source. This is
done by disconnecting, one at a time, all other pieces of
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electrical equipment that are hooked up to the same
ground wire used by the EEG machine and then observ-
ing the result. In some cases, this test is impossible to
carry out as the exact pathway taken by the EEG labora-
tory’s ground wire on its way to earth may be unknown.
An alternative is to move the EEG machine temporarily to
another location where the ground wire is closer to the
earth connection and is free of branch connections to any
electrical equipment. If the artifact remains, the entire
ground system may be noisy, and you will need to consult
a specialist for help.

Sometimes, problems with ground noise can be cor-
rected by providing an entirely separate ground system
for the EEG laboratory. This is accomplished by having
several long, copper-clad steel rods driven into the earth
nearby and connecting the ground wire of the EEG
machine to these rods. Obviously, this is not a good solu-
tion if the building housing the EEG laboratory sits on
rock or on sandy, dry soil. Another possible solution is to
have a special circuit—a wave trap — designed and installed
in series with the ground wire to the EEG machine. By
providing a high impedance pathway for the noise, the
artifact is kept from entering the EEG machine. But these
are matters for the specialist and obviously outside the
realm of the EEG technician’s responsibilities.

Internally Generated Problems — Breakdowns

Breakdowns affecting all channels of an EEG machine are
the easiest to diagnose. Following is an example that may
be familiar to some EEG technicians.

Upon turning it on, you discover that the EEG machine
is dead. Something has gone wrong with the machine. But
wait! Before looking inside for the source of the problem,
it is good practice to verify that the fuse or circuit breaker
in the power line to the machine has not burned out or
been tripped. The simplest way of doing this is to plug a
lamp or other electrical device that is handy into the same
outlet used by the EEG machine to see if it works. While
this test is so obvious that it hardly seems worth mention-
ing, it is frequently overlooked. The result of the oversight
can be a fruitless seach for a nonexistent problem inside
the machine.

If the electrical outlet checks out all right, but the
machine is dead —i.e., no pilot lights on, no pen deflections
regardless of what you may do—the problem very likely is
the power supply. A fuse may have burned out. Spare fuses
for the power supply usually come with the machine and
replacement instructions are found in the instruction
manual. For safety’s sake, disconnect the power cord

to the machine before removing and replacing any fuses.
Should the newly installed fuse or tuses burn out, locate

and disconnect the cable that carries power from the
power supply to the amplifiers and other components.
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If new fuses are again installed and these too burn out, a
malfunction is present in the power supply. Contact the
manufacturer for a loaner unit and instructions so that the
defective power supply can be returned to the factory for
repair. If, on the other hand, the fuses burn out only when
the power supply is connected up to the amplifiers and
other components, there may be a short circuit in the
cables distributing power within the machine. A telephone
call to the manufacturer or his/her representative will
inform you how to proceed in this instance.

Another breakdown that affects all channels happens
when there is a failure in the calibration circuit. The
machine seems able to record EEGs, but the record taken
during calibration no longer shows the proper deflection
sensitivities — or the calibration waves may be totally absent
—when you press the calibration switch. To aid in trouble-
shooting such problems, some machines have a test jack on
the front panel for measuring the voltage feeding the
calibration circuit. The instruction manual explains how
this voltage may be checked. If the measurement carried
out shows that no voltage is present, a fuse protecting the
circuit may be burned out and should be replaced. If the
voltage is too low, the calibration circuit may have devel-
oped a fault. In this event, the module containing it should
be returned to the factory for repairs. Another possibility,
if the machine is of older vintage, is that the battery provid-
ing the calibration voltage is run down and needs to be
replaced. Here, again, a few moments spent with the
instruction manual or a telephone call to the manufacturer
will tell you how to proceed.

Machines that have malfunctioning all-channel controls
will display breakdowns that affect all the channels. To
determine whether a problem is attributable to the all-
channel control circuit, set all the amplifiers for indepen-
dent channel control. If in so doing normal operation is
restored, the malfunction resides in the all-channel control
unit. Check the fuses in this module to determine whether
or not they are burned out. If fuses check out, the only
choice is to return the module to the factory for repair.

Internally Generated Problems — Artifacts

Artifacts that are present on all channels and originate
within the machine can arise in two different ways. They
are caused either by malfunctions in components common
to all channels, or by a malfunction present in a single
channel that is spread to the others by connections or path-
ways and components that are common to all the channels.
Assuming the power supply adequately isolates the EEG
machine from the power line, the ground circuit is the only
pathway that is common to all the channels. Machine com-
ponents having a common relationship to all the channels
are the power supply, the calibrator, and the all-channel
control circuit if the machine has one.
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Artifacts caused by a malfunction in a single channel
and spread to the others by pathways and/or components
common to all the channels are the easiest of the group
to diagnose. For this reason, you should test for them
first.! If the machine has an all-channel control feature,
begin by setting the switches on all the channels for
independent channel control. Should this cause the arti-
fact to disappear, we would conclude that the all-channel
control module was involved — either causing the artifact
or spreading it from another source to all the channels.
On the other hand, if the artifact remains after all the
amplifiers are set to independent channel control, the
all-channel control module is not involved. In the latter
case, continue the troubleshooting by removing and re-
placing each amplifier, one at a time, and carefully observ-
ing, in each case, the effects on the remaining channels.
If the artifact in question disappears after one of the ampli-
fiers is removed, that amplifier is clearly suspect. Next,
you need to find out whether the connector hooked up to
the amplifier is involved. To do this, remove another ampli-
fier from its bin and put the suspected amplifier in its
place. If now the previously observed artifact returns, the
suspected amplifier is clearly at fault and should not be
used until replaced.

The situation in which the artifact disappears when
the controls of all the amplifiers are set for independent
channel control needs yet to be considered. This prob-
lem may be caused either by a malfunction in the all-
channel control or by a malfunction in a single channel
that is spread to the others by the all-channel control. To
decide which it is, you need to discover whether one of the
amplifiers is faulty. Amplifiers in particular are focussed
on because of all the components in a channel, they are
the most likely to malfunction. The necessary trouble-
shooting procedure is tedious but simple. With the con-
trols for all the channels set to all-channel control, remove
and replace each amplifier, one at a time, observing the
effects of this procedure. If the artifact disappears after
removal of any single amplifier, the amplifier in question is
responsible for the artifact. On the other hand, if the
artifact remains unchanged despite the removal of any of
the amplifiers, the problem most probably lies with the all-
channel control.

Artifacts originating with the power supply of the EEG
machine are difficult to localize. If another EEG machine
of the same type and using exactly the same model power

I'This test may be carried out with a practice patient connected
up to the machine using a bipolar montage. A more convenient
arrangement is to connect a separate 5K ohm resistor (a dummy
patient) to Gl and G2 of each channel of the machine. This is
most readily accomplished by soldering pin plugs to the lead
ends of the resistors and then plugging these devices into the
electrode board.
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supply is accessible, the two power supplies can be
exchanged and the result observed. Otherwise, about all
that the EEG technician can do if a power supply malfunc-
tion is suspected is to measure the voltages produced.
These voltages ought to be correct to within about + 2% of
their stated values (see the instruction manual) and should
be very stable. An accurate digital voltmeter or voltmeter
with a scale sensitive enough to detect a 1% shift in voltage
should be used. These measurements need to be made
while the machine is in actual operation or while a calibra-
tion is being run. Low or unstable voltages are indicative of
power supply malfunction, and your findings should be
communicated to the manufacturer, who will instruct
you further.

It is important to keep in mind that the validity of such
measurements is determined to a large degree by the
characteristics of the particular voltmeter used. Thus,
although the power supply voltages you measure appear
stable, they may, in reality, be unstable. This could hap-
pen if any fluctuations occurring in the power supply
voltage were too rapid for the voltmeter to follow. Of
course, more sophisticated measurements may be carried
out using a cathode-ray oscilloscope. But these methods
of measurement are not ordinarily available to the EEG
technician.

Artifacts due to the calibrator usually originate in the
switch that produces the calibration pulses or in the poten-
tiometer that adjusts their amplitude. When they occur,
such artifacts show themselves as intermittent, randomly
occurring spikes or sharp waves having the same pattern in
all the channels. Sometimes they may disappear briefly or
even for long periods of time if you repeatedly close and
open the calibration switch many times. The artifacts are
due mainly to a high-resistance contact in the switch. If the
artifacts persist, the switch will need to be replaced.

Artifacts originating in the potentiometer that adjusts
the calibration-pulse amplitude have similar characteris-
tics, although the amplitude of the calibration pulse may
also show some erratic, spontaneous variations. If an
accurate digital voltmeter is available for resetting the
calibration voltage, the EEG technician can attempt to
correct the problem his or herself. First, locate the poten-
tiometer and the test point for measuring the calibration-
circuit voltage inside the calibrator circuit. Next, using a
screwdriver that fits the slot in the control shaft of this
potentiometer, rotate the control shaft back and forth
several dozen times and return it to its original position.
Connect the digital voltmeter to the test point and adjust
the potentiometer carefully until the voltmeter reads the
exact voltage specified in the instruction manual. Replace
any cover that may have been removed from the unit con-
taining the calibrator circuit. Having done all this, now run
a calibration in the usual way. If the artifacts were due to a
high-resistance contact in the potentiometer, the simple
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procedure of cleaning the contacts by rotating the control
shaft back and forth will frequently correct the problem.2

Connector and Switch Contacts

The role of connector and switch contacts in the genera-
tion of artifacts has already been mentioned several times
in this chapter. The extensive use of modular construction
in many EEG machines means that a lot of connectors are
needed to hook the various modules together. Compared
with a hard-wired connection like a solder joint, connec-
tions made by connectors can become very noisy. So we
find that the convenience afforded by modular construc-
tion is not obtained without some cost to the user of the
machine. Nevertheless, given that connector noise can
readily be identified and easily corrected, the convenience
far outweighs the costs.

Artifacts produced by noisy connector connections arise
mainly in two different ways. In the first place, some con-
tacts in the mating connectors may not fit together prop-
erly because they are defective or have been damaged.
Connector contacts are readily liable to mechanical
damage —they are easily bent, scored, or pitted. For this
reason, they need to be handled carefully. It is essential not
to use excessive force when plugging a module or cable
into its mating connector.

A second way in which connector connections can
become noisy results from the inherent tendency of metal
to corrode or to become coated with foreign material.
Metals, of course, are very good conductors. They offer a
low resistance to the flow of electric current, which is why
they are used in connectors. But if the junction between
the contacts in two mating connectors becomes coated
with corrosion or foreign material, the contact resistance
may increase sufficiently to significantly resist the flow of
current across the junction. What is important as far as the
production of artifacts is concerned is that contact
resistance under such conditions not only is elevated but
also may become unstable—it may change rapidly and
spontaneously from a low to a high value within seconds.
This is what produces the characteristic noisy-contact arti-
fact; electronic technicians and engineers sometimes
check for the presence of such artifacts by sharply tap-

2The EEG technician should be aware that this simple procedure
cannot be carried out on all machines. Thus, some manufacturers
put special seals on the chassis of their modules. If these seals are
broken by the user to get to a circuit for troubleshooting and
repair, the manufacturer’s warranty is voided. Other manufac-
turer’s sometimes put sealing wax on the shafts of potentiome-
ters. If any adjustments are attempted, the wax will be broken
and the warranty may be voided. Therefore, before attempting
any such troubleshooting or adjustments, consult the instruction
manual that comes with the machine.

9. Elementary Practical Troubleshooting Methods

ping a suspected connector with the handle of a light
screwdriver.

Artifacts of this kind are quite common in some of the
older EEG machines. This is because the connector con-
tacts in the vintage machines were usually silver plated. As
anyone using silver or silver-plated flatware knows, silver
tarnishes quite readily in the atmosphere of our industrial
society. The silver-plated contacts in a connector are no
exception. Any tarnish occurring at the junction between
two contacts can raise the contact resistance appreciably.
The use of gold-plated contacts has greatly reduced if not
eliminated this problem. Nevertheless, even gold contacts
can become noisy because of the presence of foreign
material on their surfaces. For this reason, the EEG tech-
nician needs to have some ready method of cleaning con-
nector contacts.

The plug ends of some connectors can be cleaned rather
easily by using the rubber eraser on the tip of an ordinary
lead pencil. Rub the eraser in an even stroke across each of
the contacts in the direction of the tips. Make sure first that
the tip of the eraser has been rounded off and that it is
scrupulously clean. If the contacts are flat, one or two
strokes with the eraser are sufficient; round contacts will
require several strokes. Carefully remove all eraser crumbs
from the cleaned contacts before the plug is inserted again
into the socket. Contacts on multiple-pin connectors are
frequently not accessible with a pencil eraser. In these
cases a thin sheet of rubber can sometimes be used
instead. Draw a narrow strip of the material across the pins
at several different angles. If the contacts are inaccessible
even by this method, about all the EEG technician can do
is to work the plug end of the connector back and forth
about a dozen times in its mating socket. Files, emery
cloth, or other abrasive materials must never be used on
connector contacts.

The contacts in switches can present many of the same
problems. As with connectors, the artifacts generated by
switches are the result of intermittent, high-resistance
contacts. Unfortunately, the methods used for cleaning
connector contacts cannot be applied to switch contacts.
Switch contacts are not readily accessible to a pencil
eraser; indeed, some switches are completely enclosed in
a container so that the contacts are not even visible. As
mentioned here earlier, switch-contact artifacts can some-
times be eliminated by repeatedly indexing the switch
back and forth about the suspected contact. A variety of
contact cleaners are available commercially. These can be
sprayed directly on the contacts of the troublesome switch
if the contacts are accessible. In the authors’ experience,
however, they have not proved particularly useful. If simply
indexing the switch does not correct the problem, the
switch will have to be replaced in all probability.

The types of switches considered thus far in this chapter
are the conventional mechanical types —rotary, toggle, and
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lever switches. As a result of recent technological develop-
ments, the switches on some of the very newest-model
EEG machines have changed greatly. The use of so-called
“soft-touch” switches, the display of machine parameters
by means of a cathode-ray tube, and touch-screen switch-
ing have noticeably modified the physical appearance of
the EEG console. Also, rotary switches that control multi-
ple-switching operations are being replaced by solid-state,
electrical switches. These changes, in turn, have made
menu-driven machines possible. While these switching
devices show promise of being more reliable than their
conventional equivalents, only time will tell whether they
and the other recent modifications in the EEG machine
will enhance overall machine reliability, reduce downtime,
and decrease the amount of time expended in trouble-
shooting.

Chart-Drive Malfunctions

Some of the problems that beset the chart drive have been
taken up already in the chapter on the writer unit. A few
yet remain to be considered. Although the troubleshooting
that the EEG technician can do on the chart drive is
limited, a few simple diagnostic tests are possible. The
methods employed follow the same logic that is used for
troubleshooting the rest of the machine.

The heart of the chart drive is, of course, the motor that
powers it. In many machines the current needed to run the
motor is derived from the power supply for the machine,
and in some cases this current is separately fused. Thus,
the first thing to do if the chart drive fails to operate is to
locate and check the fuses. Remember, however, that
before touching these fuses you should make sure that the
power cord to the machine has been disconnected from
the wall socket. If the fuses check out, the problem is
either the power supply or the motor. To help you decide
between the two alternatives, many power supplies have
test points on their chassis that permit easy measurement
of the power-supply voltages. Check the instruction
manual. If the voltage that runs the chart drive checks out
O.K., the malfunction is in the motor; otherwise, the power
supply is at fault. In some machines, modular construction
extends even to the chart drive. This, of course, greatly
simplifies servicing once a malfunction has been localized
to the chart drive.

The chart drive contains an important switch that
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deserves special mention. This switch, sometimes called
the master writer switch, has three positions and controls
the actual operation of the machine. In the first or off posi-
tion, the electronic portions of the machine are on (assum-
ing, of course, that the main power switch is turned on),
but the chart drive is not operating. In the next or chart
position, the chart paper runs through the machine as well.
This position is used to check tracking of the chart through
the machine. Finally, in the last or run position, the ampli-
fier outputs are connected to the penmotors so that the
EEGs are traced out on the moving chart.

Because the switch we are discussing gets a great deal of
use, it occasionally breaks down. Usually, the breakdown is
such that only one channel of the machine is affected. The
symptoms of the breakdown are classic. The channel is
completely dead and nothing you do will make the pen
deflect from its baseline position. Yet, the amplifier, pen-
motor, lead selector, filter —all the modules in the channel
—test out O.K. A check with a voltmeter, however, shows
that the operating voltage never reaches the penmotor
because it is blocked by a faulty master writer switch.
Replacement of the switch, of course, is necessary. In some
machines, this is facilitated by the fact that the switch is
incorporated in a separate module—the writer control
module.

In feeding paper through the machine, the chart drive
provides the time base for the EEGs traced out on the
chart. Measurements of frequency of the waveforms of the
tracings, therefore, depend on the accuracy with which the
chart paper moves through the machine. The actual drive
mechanism used is quite simple; it consists usually of a
rubber pressure roller in direct contact with a knurled
metal roller. The chart paper rides between the two rollers.
Through use, the rubber may deteriorate or develop a flat
spot on its surface. For this reason, the rubber pressure
roller should be inspected occasionally and replaced when
necessary as a worn out roller can degrade the accuracy of
the chart speed. See also “Chart Drive” in Chapter 5.

The standard chart speed of 30 mm/s should be checked
occasionally. This is done most readily by recording 60 Hz
artifact on all channels of the machine and then finding out
how long a segment of chart in millimeters is occupied by
exactly 60 of these waves. Separate measurements should
be made at different positions on a page of the chart to
determine whether the paper is feeding accurately over
the folds as well as over the smooth portions of the chart.
The chart speed should be accurate to +2%.



Chapter 10
Neurophysiology

Scientists have diligently pursued the goal of unraveling
the mystery of brain electric activity from the days of Hans
Berger, but like many other natural phenomena, less is
known about the exact genesis of the EEG than about its
physiological and pathological variations. A number of
techniques, including surface, depth, and intracellular, as
well as in vitro recording methods, have been used to study
this phenomenon, and a wealth of data has been accumu-
lated. Before considering these data and entering into a
discussion of the current ideas concerning the origin of the
EEG, it is essential that we look at the neurons —the cellu-
lar units of the nervous system. We will examine them from
the points of view of anatomical structure and generation
of bioelectric activity.

Structure of the Neuron

There are two distinct varieties of cells in the nervous
system: the nerve cells or the neurons and the support cells
or the glia. Although glial cells are important in providing
the appropriate environment for neuronal function and for
myelination of the axons, it is the neuron that forms the
ultimate unit of brain function. A typical neuron has three
easily identifiable parts, namely, the cell body (soma,
perikaryon), the dendrite, and the axon (Fig. 10.1). The cell
body, which contains organelles such as the nucleus,
endoplasmic reticulum, and Golgi apparatus, is the meta-
bolic center of the neuron. It is covered by the neuronal
membrane, which separates the cell contents from the
extracellular fluid.

The dendrites, which are small multiple arborizations of
the cell body (like the branches of a tree), serve as the
points of input of signals to the neuron. The axon is like a
tube extending from the cell body for long distances (as
much as 1 m in the human); its distal end divides into many
fine branches forming the synaptic terminals. These termi-
nals are found near the cell bodies or dendrites of other

neurons. The axon is often covered by a layer of myelin,
which shows points of interruption known as nodes of
Ranvier. The myelin sheath, which acts as an insulation for
the axon, helps in the rapid conduction of electrical sig-
nals. The primary function of the axon is the conduction of
signals from a neuron to one or more other neurons. It also
transports materials like neurotransmitters synthesized by
the cell body through the axoplasm onto the synpatic
terminals (axoplasmic transport).

Although all neurons are essentially similar in possess-
ing cell body and processes, there are considerable differ-
ences in their morphology. They may be unipolar, in which
case there is only one process emerging from the cell —and
dividing into branches that serve as dendrites and axon;
bipolar wherein one process acts as a dendrite and the
other as the axon; or multipolar, in which case there is one
axon and several dendrites. Most cells in the human ner-
vous system are multipolar. The advantage of such a neu-
ron is that it can make contact with a very large number of
other neurons; for example, the Purkinje cell, which is a
large cell in the cerebellar cortext is known to receive as
many as 150,000 contacts from other neurons.

The length of an axon can show considerable variation.
As already mentioned, an axon can, in some cases, extend
for very long distances before making contact with another
cell. Neurons having such long axons are often referred to
as relay neurons. They serve to relay information from one
area of the nervous system to another, as, for example, from
the motor cortex to the anterior horn cells in the spinal
cord. Neurons with shorter axons make contact with cells
in different layers in the same vicinity and are called inter-
neurons.

Membrane Potential

The neural membrane displays some interesting and
important properties. Of particular importance is that the
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Figure 10.1. Schematic diagram of a neuron showing the major
structural features.

resting membrane is electrically polarized; ie., a differ-
ence in potential or voltage exists between the two sides.
To understand the origin of this membrane potential, an
understanding of the structure of the neuronal membrane
and its ionic channels is essential. The following discussion
takes up the bare essentials. Details are found in more
advanced texts.

The neuronal membrane is made up of proteins and
lipids and is about 10 nm (0.01 p) thick. The lipid forms a
double layer that, being immiscible with water, does not
allow water-soluble ions to move in and out of the cell.
However, the cell membrane contains areas in which there
are protein “pores” through which ions can pass. These are
called ionic channels and are of two varieties: passive and
active. The passive channels are always open and allow
diffusion of selected ions, depending on the concentration
gradient across the membrane.

The active channels may be kept open or closed through
gates strategically placed at one or both ends of the chan-
nels. When the membrane is at rest, most of the active
channels remain closed. These channels open abruptly
when there is a specific change in the membrane poten-
tial and hence are called voltage-regulated channels.
The channels are selective, acting like filters, and often
allow only one species of ion to pass through. Thus there
are specific channels for sodium, potassium, and calcium
ions.

The neuronal membrane separates the cytoplasm of
the neuron (neuroplasm) from the extracellular fluid. If
we analyze the composition of the intracellular and extra-
cellular fluids, certain specific differences become evi-
dent at once. Thus, there is a higher concentration of
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potassium ions within the cell, whereas sodium and chlo-
ride ions show higher concentrations outside the cell
(see Table 10.1). Such a difference in the ionic concen-
tration is maintained by selective permeability of the
membrane to specific ions and by active transport mecha-
nisms that selectively pump certain types of ions in or out
across the cell membrane. Let us examine each of these
mechanisms.

The cell membrane at rest is highly permeable to potas-
sium ions but poorly permeable to sodium ions. Since the
concentration of potassium ions is 35 times greater inside
the cell than outside, a concentration gradient exists across
the membrane. This concentration gradient tends to drive
potassium ions from the intracellular space into the
extracellular fluid along the passive potassium channels.
The outward diffusion of potassium ions, which are posi-
tively charged, leads to an excess of negatively charged
ions inside the cell. This is because certain negative ions
within the cell (the organic anions) are unable to pass
through the cell membrane; instead, they tend to line up
along the inner surface of the membrane. The excess of
negative charge on the inside and positive charge outside
the cell membrane soon prevents further escape of more
potassium ions, although the actual concentration of potas-
sium ions stays higher within the cell. Indeed, the loss of
potassium ions from inside the cell is relatively insignifi-
cant because of the large number of potassium ions in the
whole of the cytoplasm.

By the time the potassium ions stop diffusing out and
there is an excess of negative ions on the inside and posi-
tive ions on the outside of the cell membrane, the posi-
tively charged ions—of which the most abundant are
sodium ions —tend to line up along the outer surface of the
cell membrane. But because the cell membrane is poorly
permeable to sodium ions, these ions cannot enter the cell
in sufficient numbers to neutralize the excess of negative
charge inside the cell. Because of this selective permeabil-
ity of the membrane and also because of an active pumping
mechanism described later in this chapter, there is an
accumulation of negative charges on the inner surface and
positive charges on the outer surface of the neuronal mem-
brane. As the membrane separates opposite charges on its
two sides, it is said to be “polarized”

The cell membrane with its associated ions on either
side resembles a charged capacitor since the lipid lining
acts as a dielectric separating positive and negative
charges. If we were to measure the charge across the mem-
brane, we would find that in the resting state the inside of
the cell is —40 to —90 mV compared with the outside.
This is called the resting membrane potential (RMP). All
signaling and transmission of information in the nervous
system is based upon the induction of fluctuations in the
RMP, which lead to the synaptic and the action potentials.
For this reason, it is important to gain some insight into the
ways in which such fluctuations take place.
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Nernst Equation

Diffusion of potassium ions from the inside to the outside
of a cell (efflux) occurs only for a brief period of time.
Equilibrium is quickly established, and the potassium ions
cease to move outward owing to the excess negative charge
that accumulates inside and also because of the repelling
force of the positive charge outside. The potential differ-
ence between the inside and the outside of the cell mem-
brane due to potassium ions, when there is no net move-
ment of potassium ions into or out of the cell, is called the
potassium equilibrium potential or Nernst potential. The
equilibrium potential for any ion may be defined as the
electrical force required to balance the ionic movements
caused by diffusion; it is proportional to the logarithm of
the ratio of the concentrations of the ion to which the
membrane is selectively permeable. Equilibrium potential
can be calculated using an equation propounded by the
German scientist Walther Nernst in 1888 on the basis of
thermodynamic principles. In other words, the Nernst
equation provides us with a method of calculating the
potential at which the concentration gradient causing
efflux of an ion is exactly balanced by the electrical gra-
dient that opposes such efflux.

The Nernst potential for any ion is defined by the equa-
tion:

_RT, (),
)

where R = the gas constant (8.316 joules per degree), T =
temperature in degrees Kelvin, F = the Faraday (96,500
coulombs per mole), n = valence of the ion with its
appropriate sign, and {T}, and {T}; are the extracellular
(outside) and intracellular (inside) concentrations, respec-

Table 10.1. Concentration of Major Ions in the Intracellular and
Extracellular Fluids of Vertebrates and the Nernst Potentials

Intracellular Extracellular Nernst
Concentration Concentration Potential?
Ion (mmol/L) (mmol/L) (mV at 37°C)
Sodium (Na’) 14 142 + 62
Potassium (K *) 140 4 -95
Chloride (CI) 4 115 -90

9These values are computed using the formula

& = (1/n) 615 logao (ITI,/(TI).
For the chloride ion we have

£ = (1/-1) 61.5 log,o (115/4)
—61.5 log, (28.75)

-61.5 x 1.4587

-90 mV.
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tively, of the particular ion. By substituting the constants
and converting the natural logarithms to base 10 loga-
rithms, the equation may be simplified to

{1,
(T}

which gives € in millivolts at 37°C (310° Kelvin). For a cell
membrane that allows only one type of ion to diffuse, this
formula can predict the membrane equilibrium potential
accurately. Table 10.1 gives the Nernst potentials for
sodium, potassium, and chloride ions on the basis of the
above formula.

1
& = 615 logy,

Goldman Equation

The Nernst equation applies only if the membrane is
permeable to a single ion and the concentration of this ion
is greater on one side of the membrane than the other. The
glial cells are known to be selectively permeable to potas-
sium ions, and their membrane potential is close to the
value estimated from the Nernst equation. However, the
situation is more complex in the neuron as the neuronal
membrane is permeable to several different ions. Thus, it is
not only permeable to potassium but also to chloride and,
to some extent, to sodium ions.

A number of factors seem to influence the membrane
potential under these circumstances. The concentration
gradient of each ion across the membrane, the polarity of
each ion, and the degree of permeability of the membrane
to each different ion are perhaps the most important fac-
tors. The Goldman equation, which is an extension of the
Nernst equation, attempts to integrate the contributions
of each different ion into a single equation by taking the
permeabilities of the ions into account. When only
sodium, potassium, and chloride ions are taken into con-
sideration, the Goldman equation for the membrane
potential is given by the expression

E = RT, <PK{K'}O + Py, [Na'), + PCI{CI-}i)
" F " \Pg{K"}; + Py, (Na'} + Poi{Cl),

where the constants R, T, and F are as previously defined,
{K*},, {Na*},, {Cl7}, are the extracellular concentrations of
the ions, {K*};, {Na*};, {Cl7}; the intracellular concentra-
tions, and Py, Py,, and Pc) represent the resting permea-
bilities of these ions when there is no net flow of ionic
current.

It is clear from the above equation that the permeability
of the membrane to each different ion is a crucial factor in
the actual contribution of each ion to the membrane
potential. Since the membrane is highly permeable to
potassium in the resting state, the RMP is close to the
potassium equilibrium potential.
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The Sodium-Potassium Pump

The membrane is highly permeable to potassium, but it
also allows some amount of sodium diffusion. Sodium ions
tend to diffuse slowly from outside the cell to the inside,
and if this were allowed to proceed unhampered, the
charges eventually would become equal on either side of
the membrane. The cell uses an ingenious active pumping
mechanism (electrogenic ion pump) to prevent this from
happening. Using active ion channels and energy from
adenosine triphosphate (ATP), the cell pumps out sodium
ions while taking in potassium ions. Three sodium ions are
expelled for every two potassium ions taken in. This tends
to reestablish the intracellular concentration of potassium
and sodium continuously so that appropriate ionic concen-
trations are maintained to ensure a constant RMP. It will
be seen later that during the generation of an action poten-
tial, the membrane becomes highly permeable to sodium
for a brief period of time. This leads to sodium ion accumu-
lation within the cell with a corresponding increase in
positive charge. Thereupon, the electrogenic pump helps
to reestablish the negative RMP by pumping out the
sodium ions. The rate of pumping is increased when the
sodium ion concentration increases within the cell.

As mentioned earlier, the RMP in nerve cells ranges
from -40 to —90 mV, the inside being negative with
respect to the outside. When there is an increase in the
negative charge inside the cell membrane, the membrane
is said to be hyperpolarized. When there is an increase in
the positive charge inside the cell membrane, it is said to
be depolarized.

Action Potential

Neurons communicate with each other through genera-
tion of action potentials, which are changes in mem-
brane potential that are propagated along the axons. If
we were to record an action potential from an axon, we
would discover that the negative RMP suddenly becomes
positive for a very brief period of time and then rapidly
returns back to its original negative level. The initial stage
of this rapid change, known as depolarization, is accom-
panied by an abrupt and massive change in the sodium
permeability of the neuronal membrane. This occurs as a
result of the opening of voltage-dependent sodium chan-
nels. These channels, which are protein-lined pores in
the membrane, have activation gates situated toward the
outer layer of the cell membrane and inactivation gates
situated toward the inside of the membrane. A decrease in
negativity of the membrane potential of 20 to 30 mV
causes the abrupt opening of the activation gates, leading
to an increase in sodium permeability by a factor of about
5,000 and resulting in a massive influx of sodium ions into
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the cell. The accompanying increase in the number of
positive charges within the cell closes the inactivation
gates of the sodium channels so that no more sodium ions
can enter the cell.

At this point in the sequence of events, the gates of the
potassium channels open and allow potassium ions to
escape outside the cell; this leads to a decrease in the posi-
tive charge within the cell and reestablishes the original
negative RMP. In other words, the membrane is repolar-
ized. Once this happens, the active potassium channels
close and in so doing prevent further escape of potassium
ions. Although the concentration of sodium ions inside the
cell membrane increases during the generation of an
action potential, the increase is small when compared with
the concentration of sodium ions in the extracellular fluid.
Nevertheless, with repeated passage of action potentials,
intracellular depletion of potassium and accumulation of
sodium ions may occur. However, this is circumvented by
the action of the sodium-potassium pump that was dis-
cussed earlier.

What initiates the action potential? Any condition that
leads to a sufficient decrease in the negative charge inside
the cell membrane can initate an action potential. The
decrease in negativity may be produced chemically as, for
example, by neurotransmitters, or mechanically or electri-
cally. The most familiar circumstance is electrical stimula-
tion of a peripheral nerve, as in the study of somatosensory-
evoked potentials. In such studies the cathode of the
stimulating electrode produces an excess of negative
charge outside the nerve membrane. This is equivalent to
reducing the negative RMP by an amount sufficient to
result in the opening of the voltage-dependent sodium
channels and the generation of the action potential. Simi-
larly, potentials are induced at the synaptic terminals by
chemicals like acetylcholine, which can open pores in the
membrane and thereby result in sodium ion influx. Once
an action potential is initiated, it is propagated along the
axon by the opening of sodium channels in the adjacent
areas of the axonal membrane, which leads to a wave of
depolarization and subsequent repolarization.

Synaptic Potentials

As mentioned earlier, the most important function of
neurons is communication. Neurons communicate with
each other and also with effector organs such as muscles
and glands. Such communication is accomplished by the
process of synaptic transmission. A synapse is the junction
between two neurons or between a neuron and an effector
organ. In the former case, the junction is between a synap-
tic knob (see Fig. 10.1) of one neuron and a dendrite of
another. Let us briefly look at the mechanism involved in
synaptic transmission in the central nervous system.



72

The transmission of signals from one neuron to another
across a synapse is achieved mainly through chemical
transmitters. Chemical transmitters can either excite
(depolarize) or inhibit (hyperpolarize) the neuronal mem-
brane. For example, neurotransmitters like acetylcholine
are excitatory whereas y-aminobutyric acid (GABA) is
inhibitory. Excitatory neurotransmitters evoke an electri-
cal change in the postsynaptic membrane called the excita-
tory postsynaptic potential (EPSP). The transmitter first
binds itself to a receptor in the postsynaptic membrane,
which results in the opening of the sodium channels. This
depolarizes the postsynaptic membrane, thereby inducing
the EPSP.

The EPSPs are sometimes called miniature potentials.
Unlike action potentials, they do not propagate but spread
passively along the membrane, diminishing in amplitude
as the distance increases. The usual size of the EPSP is
around 5 mV. Normally, this value is not sufficient to trigger
an action potential. However, when a number of synapses
making contact with a dendrite or a cell body develop
EPSPs, these potentials can summate and cause sufficient
depolarization of the axon hillock (Fig. 10.1) through set-
ting up of ionic currents in the extracellular and intracellu-
lar fluid to evoke an action potential. Summation may be of
two different kinds, namely, spatial summation and tem-
poral summation. Spatial summation is the summation of
several EPSPs produced simultaneously or nearly simul-
taneously at different sites on the postsynaptic membrane.
Temporal summation refers to the summation of successive
potential changes at a single site on the postsynaptic mem-
brane such that one EPSP is superimposed onto another.

Inhibitory neurotransmitters act in a different way. They
seem to open the chloride channels, leading to an influx of
chloride ions that, in turn, results in an increased negative
charge inside the cell membrane. The potential produced
in this way is known as an inhibitory postsynaptic potential
or IPSP. It hyperpolarizes the cell membrane, thereby
inhibiting depolarization and preventing the generation of
an action potential.

Except for the fact that EPSPs are depolarizing and
IPSPs are hyperpolarizing, both share the same properties.
Thus, IPSPs show temporal and spatial summation, as do
EPSPs. Inhibitory synapses are often strategically located
so that they can prevent generation of action potentials
from the axon hillock.

Membrane Equivalent Circuit

From what we know about the permeability of the neural
membrane and the ionic composition of intracellular and
extracellular fluids, it is possible to represent the mem-
brane by an equivalent electrical circuit. Figure 10.2 is a
simplified version that lumps together the membrane
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Figure 10.2. Equivalent circuit for a cell membrane. Eg, Ec), and
Ey, are potassium, chloride, and sodium batteries respectively.
The potentials of these batteries depend on the concentration
gradients of the respective ions. Ry, Ry, and Ry, represent the
leakage resistances, respectively, of the different ionic channels.
C,n is the membrane capacitance; V,, is the membrane potential.

parameters (in actual practice, these parameters are dis-
tributed along the length of a membrane). The circuit dia-
gram shows three separate conducting channels corre-
sponding to the major ions. Each channel has a battery that
represents the equilibrium potential produced by the con-
centration gradient for the particular ion and a leakage
resistance that stands for the membrane’s permeability for
that ion. Note that the polarity of the sodium battery is
opposite to that of the potassium and chloride batteries.
The circuit also includes a capacitor that can store electric
charge. As mentioned earlier in this chapter, this is
because the lipid bilayer acts as a dielectric, separating
positive and negative charges. The capacitor serves as the
second main route whereby current may flow across the
membrane. The equivalent circuit is useful in analyzing
various details of neuronal functioning, but such particu-
lars are beyond the scope of this text.

Membrane Potential Fluctuations
and the EEG

It is not absolutely essential to know exactly how the EEG
is generated for the limited purpose of its clinical interpre-
tation. Nevertheless, an insight into the mechanisms of
generation of the EEG is certainly helpful for a clearer
understanding of the pathogenesis of the different EEG
abnormalities seen in various disorders of the central ner-
vous system.

Based on current knowledge, it is clear that the EEG as
recorded over scalp represents fluctuations in the mem-
brane potentials of a large number of neurons in the
cerebral cortex. In earlier sections we saw that there are
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two major types of fluctuations in the membrane poten-
tials, namely, the action potential and the synaptic poten-
tial. Since the EEG is an extracellular recording, the elec-
trical potentials recorded would be expected to represent
voltage changes in the extracellular space —field potentials
secondary to changes in the membrane potentials of the
neurons. Let us briefly explore the possible mechanisms
involved.

When an EPSP is generated, there is a sudden influx of
cations through the subsynaptic membrane. Such an influx
would attract cations from the surrounding extracellular
space and cause them to move toward that area. This
phenomenon is similar to the flow pattern when the drain
of a sink filled with water is suddenly opened; the extracel-
lular space may be compared to the water in the sink and
subsynaptic membrane to the outlet. The ionic movement
sets up a field potential that would be negative in the
region of the subsynaptic membrane and positive in the
surrounding extracellular fluid. In the case of an inhibitory
synapse, a different but related phenomenon occurs.
When an IPSP is generated, there is an influx of anions like
chloride through the subsynaptic membrane into the cell.
Such an influx would result in an excess of cations in the
extracellular space close to the synapse. This, in turn, leads
to a flow of cations away from the synaptic area, thus set-
ting up a field potential that would be positive in the region
of the subsynaptic membrane and negative in the sur-
rounding extracellular fluid.

It is true, of course, that action potentials in the axons
could also set up ionic fluxes and field potentials similar to
those just described. But because of its very brief duration
(about 1 ms), the action potential is an unlikely source of
EEG waveforms like the alpha rhythm. The longer dura-
tion (10 ms and greater) of the synaptic potentials and
their graded nature make them a more likely source of the
EEG waveforms. This is clearly brought out in Fig. 10.3,
which compares the waveforms of the action potential and
the EPSP.

The probable sequence of events just described has
been verified by simultaneous recording from microelec-
trodes placed within the cell and in the extracellular space
(Fig. 10.4). During an EPSP there is a positive deflection
recorded from the intracellular electrode placed near the
synaptic knob of the stimulating axon. At the same time,
there is a large current flowing inward at the subsynaptic
membrane and an equally large current flowing outward at
numerous places some distance from the synaptic mem-
brane, as shown in Fig. 10.4. The extracellular electrode
situated near the synapse records a negative potential with
respect to a distant reference point since it is near the sink
that has been created. On the other hand, the extracellular
electrode also placed near the membrane, but at a distance
from the synapse, records a positive potential. Conversely,
during an IPSP there is a negative deflection from the
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intracellular electrode, which generates an out-going cur-
rent across the synaptic membrane. This site, therefore, is
a source rather than a sink, and it produces a positive field
potential in the region of the synapse and a negative field
potential at the membrane sinks at a distance.

On the basis of large amounts of data accumulated from
such microelectrode studies and from similar studies
employing simultaneous surface recordings, it is now
generally accepted that the EEG waveforms seen in scalp
recordings or in recordings taken directly from the brain’s
surface represent summated field potentials set up by
EPSPs and IPSPs from a large number of cortical neurons.

The Role of Different Types of Neurons in
the Generation of the EEG

There are basically three types of neurons in the cerebral
cortex. These are the pyramidal neurons, the stellate neu-
rons, and the spindle neurons (see Appendix 2). To pick up
electrical activity from such cells by means of electrodes
placed on the surface of the scalp, sufficiently large field
potentials need to be set up in the extracellular space sur-
rounding the neurons. In other words, a relatively large
area on the surface of the brain has to become either nega-
tive or positive for a measurable voltage to be recorded
over the scalp. Taking into consideration the orientation of
a scalp electrode in relation to the cortical surface, large
numbers of vertically oriented dipoles are necessary. (Ver-
tically oriented refers to the axis of the dipole being per-
pendicular to the outside surface of the cortex. See Chap-
ter 12 for a discussion of dipoles.)

If one looks at the anatomical arrangement of the corti-
cal neurons (see Appendix 2), it becomes obvious that the
pyramidal cells are the most probable source of such elec-
trical fields. They are oriented perpendicularly to the cor-
tical surface, with apical dendrites ending superficially in
layer I of the cortex, with cell bodies situated in layers 11
and III and to some extent in layer V. The current flow
owing to the EPSP and IPSP could produce a field poten-
tial with negativity or positivity in the dendritic zone and
opposite polarity at a distance from the surface, thus con-
stituting a vertical dipole. Afferent input from the large
number of neurons that make contact with the dendrites of
the pyramidal cells in layer I might therefore result in the
production of waveforms like those that characterize the
EEG recordings.

Rhythmicity of the EEG Patterns

We have seen that cortical neurons can produce extracel-
lular field potentials. But what leads to the rhythmic varia-
tions in voltage that are an intrinsic characteristic of the
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Figure 10.3. Schematic depicting (a) recording of membrane
potential in an axon terminal showing an action potential and (b)
recording of membrane potential in a dendrite showing an EPSP.
Notice the difference in the amplitude of the two waveforms and

EEG? This important question brings in the concept of a
pacemaker that “drives” the cortical neurons. Various
experiments have been conducted for the purpose of dis-
covering the region of the brain and the mechanism
responsible for producing such rhythmic activity of the
cortical neurons. We know that if EEGs are recorded from
animals subjected to brainstem sections at different levels
such as the medulla, pons, or the midbrain, the rhythmic-
ity seems to persist. However, when the thalamocortical
connections are disrupted, the rhythmicity disappears.
The thalamic nuclei have extensive connections with all
parts of the cortex and, therefore, seem to be the most
likely site for a cortical pacemaker.

15 20 25
Time (milliseconds)

(b)

the much longer duration of the EPSP. (From Stevens CF: Neuro-
physiology: A Primer. New York, John Wiley & Sons, 1968, p. 35,
by permission of the author and holder of the copyright.)

Andersen and Andersson (1968) explained the role of
the thalamus in the etiology of the EEG by their facultative
pacemaker theory. Briefly, the theory assumes that rhyth-
mic activity is an inherent property of groups of cells in the
thalamic nuclei. The rhythmicity is produced by a simple
mechanism in which the discharge of one thalamic neuron
causes (via an inhibitory neuron) inhibition of many adja-
cent neurons. During the postinhibitory rebound that fol-
lows, many of the adjacent neurons discharge and the cycle
thereupon repeats itself. This rhythmic activity is believed
to be imposed upon the cortex by diffusely projecting
thalamocortical fibers. In so doing, it could result in rhyth-
mic activity in large numbers of cortical neurons. Figure
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Figure 10.5. Diagram illustrating Andersen and Andersson’s
model for the generation of EEG rhythmicity by means of a tha-
lamic pacemaker. A, B, and C are three groups of thalamic cells
that send their axons via thalamocortical fibers to the cerebral
cortex and activate columns of cortical cells designated a, b, and
c. Collaterals of the axons of the thalamic cells excite inhibitory
neurons (black) that can simultaneously inhibit a large number of
thalamic neurons. During the postinhibitory rebound that fol-

10.5 illustrates the way in which the thalamocortical affer-
ent fibers are believed to impose rhythmicity upon the
cerebral cortex.

Rhythmic activity such as the alpha rhythm and barbit-
urate spindles could conceivably be produced in the man-
ner described. Because the ascending reticular activating
system has a profound influence on the thalamus, it could
synchronize or desynchronize the EEG pattern. However,
while the thalamic pacemaker concept explains some of
the phenomena in EEG rhythmicity, there are many unex-
plained areas. According to some scientists, rhythmicity
may be associated with corticocortical connections. But
this is a topic for more advanced texts.
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lows, many of these neurons discharge and the cycle repeats
itself. The different groups of thalamic cells have different fre-
quencies of discharge, as illustrated in the right-hand column,
rows A, B, and C. The corresponding cortical spindles, whose fre-
quencies match the thalamic discharges, are shown in rows a, b,
and c. (From Andersen P, and Andersson SA: Physiological Basis
of the Alpha Rhythm. New York, Appleton-Century-Crofts, 1968,
p. 59; courtesy of the authors and publisher.)

To summarize, the EEG appears to be the result of syn-
chronized variations in the membrane potentials (synaptic
potentials) of large numbers of neurons in the cerebral cor-
tex. Summated EPSPs and IPSPs in the dendrites of the
vertically oriented cortical pyramidal neurons, which are
caused by afferent activity coming from the thalamus, are
the most likely causes of the rhythmic variations in voltage
that characterize the scalp EEG.

Reference

Andersen P, Andersson SA: Physiological Basis of the Alpha
Rhythm. New York, Appleton-Century-Crofts, 1968, pp. 3-83.



Chapter 11
Recording Systems

Previous chapters dealt with the instrumental aspects of
the EEG recording system. Separate chapters were
devoted to the topics of recording electrodes, the differen-
tial amplifier, filters, and the writer unit. This chapter will
look at the principles and techniques of electrode arrange-
ment used to obtain a maximally useful EEG recording.

Electrodes as Field Samplers

Brain electrical activity as seen in the scalp EEG is gener-
ated by the neurons of the cerebral cortex. There are bil-
lions of neurons in the cerebral cortex and any number of
them may be active at a particular moment of time. Unlike
the ECG where there are only five waves that normally
repeat at regular intervals to reckon with, the EEG is a
continuum of electrical discharges that may vary from
moment to moment. The electrical activity is different in
frequency and amplitude over different areas of the brain.
Since the brain is suspended in the spinal fluid, which acts
as a volume conductor, the electrical activity recorded on
the scalp turns out to be extremely complex.

A simple analogy may be useful. Imagine dropping a
stone in a pond of water and observing the ripples that are
formed on the surface. These ripples travel outward in ever-
widening, regular concentric circles. Now, drop several
stones in different spots at the same time. Each stone will
produce its own series of concentric ripples. In places
where the ripples come together, a complex, seemingly
chaotic pattern of ripples will appear on the surface of the
water. The multiple generators of electrical activity in the
brain present a similar picture. In this context, the EEG
electrodes attached to the scalp become “samplers” of the
electrical fields set up by the multiple generators of elec-
trical activity.

To obtain a complete and valid picture of the brain’s
electrical activity, it is necessary to simultaneously record
samples of activity from different areas of the scalp, on

both sides, over a prolonged period of time. This is essen-
tial not only to adequately describe the features of the nor-
mal EEG, but also to localize abnormalities. To use another
analogy, the localization of abnormalities may be com-
pared with the practice of taking several samples from
different areas of a polluted lake in order to find the source
or sources of contamination. To accomplish this, it is
apparent that some kind of standardized, logically based
recording system is needed.

Historical Background

Historically speaking, the sophistication of EEG recording
systems has closely followed technological developments
in electronics. In the 1940s when technology was limited,
EEG recordings were made on machines having only two
or four channels. This limited the EEG to the simultane-
ous recording of samples from one or two pairs of elec-
trodes on each side. Such limited sampling, of course, is
totally inadequate for describing the electrical activity of
the entire brain. Nevertheless, many of the features of
the EEG that we know today were first recorded and
described by researchers and clinicians using such primi-
tive equipment.

When multichannel machines became available, the
question of where to place the many electrodes that it was
possible to use, and how to hook them up, became a major
issue. Different EEG laboratories began to use totally dif-
ferent placements. To bring some harmony into the result-
ing chaos, the First International Congress of EEG held in
London in 1947 recommended that an attempt be made to
standardize the electrode systems used. Herbert Jasper
studied the different systems used at the time and, in 1958,
suggested adopting what is called the 10-20 International
System of electrode placement. This systems is used by the
vast majority of EEG laboratories around the world.
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The 10-20 International System

The placement of electrodes in this system depends upon
measurements made from standard landmarks on the skull.
The system affords adequate coverage of all parts of the
head, with electrode positions designated in terms of the
underlying brain areas (i.e., frontal pole, frontal, central,
parietal, occipital, and temporal) to which they cor-
respond. These areas are abbreviated using capital letters,
with F corresponding to frontal, C corresponding to cen-
tral, and so on. A single-digit number goes along with the
letter. Odd numbers designate left-sided and even num-
bers right-sided locations. Thus, for example, C3 corre-
sponds to the central region on the left side.

The term “10-20” is used because the electrodes are
placed either 10% or 20% of the total distance between
a given pair of skull landmarks. The use of percentages
to ascertain the distances between electrodes rather than
absolute values allows for the normal differences in size
and shape of the head between different persons. This
means that the 10-20 International System is appropriate
for use with small infants as well as adults having very
large heads.

Measurements are carried out using a narrow measuring
tape with markings preferably in centimeters and milli-
meters. For anteroposterior measurements, the distance
between the nasion and inion over the vertex in the mid-
line is taken. Five points are located along this line and
designated frontal pole (Fp), frontal (F), central (C), parie-
tal (P), and occipital (O). The point Fp is 10% of the
nasion-to-inion distance above the nasion. F is located
behind Fp at a distance of 20% of the nasion-to-inion dis-
tance; C is behind F at a distance of 20%, and so on. The
points located are marked off directly on the scalp with a
colored china-marker pencil.

The lateral measurements are made in the central
coronal plane on the basis of the distance between the
left and right preauricular points. Ten percent of the
distance above the preauricular points marks the loca-
tion of the T3 and T4 electrodes, C3 is at a distance of
20% above T3, and C4 is 20% above T4 (see Fig. 11.1).
Details concerning the measuring techniques and of lo-
cating the positions of the various other electrodes are
given in Appendix 5. Using these directions, a total of
19 electrode placements are marked off on the scalp.
Together with the earlobe placements (designated Al
and A2), this comprises the 21 standard electrodes in
the 10-20 International System. Figure 11.2 shows the
approximate locations of the electrodes in relation to areas
of the cerebral cortex. A recent study (Homan RW, Her-
man J, Purdy P, 1987) employing CT scanning to visualize
brain structure suggests that the 10-20 System provides
scalp locations that correlate well with the expected cere-
bral structures.
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Figure 11.1. The 10-20 International System of electrode place-
ment.

Derivations

With a total of 21 electrodes to work with, how should the
electrodes be hooked up to best display the brain’s electri-
cal activity? In other words, what combinations of elec-
trodes should be connected to the various channels of the
EEG machine, and at what times?

Because two connections are needed to complete an
electrical circuit (see Chapter 2), two electrodes have to be
connected to each channel (amplifier) of the machine. As
was mentioned earlier in Chapter 1, a particular pair of
electrodes connected to a single amplifier is referred to as
a derivation. Experience has shown that a machine that
displays at least eight derivations simultaneously is neces-
sary to adequately study the spatial characteristics of the
brain’s electrical activity. However, a 16-channel machine
is preferable; an 18-channel machine is even better. The
larger machines are capable of gathering more data in
the same amount of time as well as providing better resolu-
tion of the spatial characteristics of the brain’s electrical
activity.

With the use of 21 electrodes, one can have a total of 210
different derivations.! But in actual practice, all possible

'The number of possible combinations of n things taken two at a
time is equal to 2[n(n - 1)]. For example, if n = 3, we have
12(3(3 - 1)] = 3, which is readily verified by trial and error.
When n = 21, the formula becomes 12(21(21 - 1)] = 210.
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Figure 11.2. Topographic relationship between 10-20 System
electrodes and areas of the cerebral cortex.

combinations of electrodes are seldom used. There is an
important reason for this. Since interpretation of the EEG
ultimately involves comparison of different derivations, it
is essential to use derivations having comparable interelec-
trode distances. This requirement eliminates a large num-
ber of possible derivations. Indeed, most routine EEG
work employs only 48 or even fewer derivations.

Montages — Rationale

The particular arrangement whereby a number of differ-
ent derivations is displayed simultaneously in an EEG
record is termed a montage. With even only 48 derivations,
alarge number of different montages can be designed. The
main reason for using different montages is to make EEG
interpretation as easy and accurate as possible. For this
purpose, certain guidelines have to be followed, and the
American EEG Society has given some recommendations
in this regard.

First of all, a montage should be simple and easy to com-
prehend. Montages should follow some kind of anatomical
order or pattern. For example, channels representing the
more anterior electrodes should be arranged on the
recording chart above those from the more posterior
regions. Derivations from the left side should be located on
the chart above derivations from the right side. This may
be accomplished either by alternating the derivations, i.e.,
left, right, left, right, and so, or by placing derivations from
the different sides in blocks, e.g., left, left, left, left; right,
right, right, right. It is advantageous for a laboratory to use
a few common or standard montages so that records from
different laboratories can be compared with ease.

There are two basic types of EEG montage: referential
and bipolar. It is advantageous in routine EEG work to use
both. A brief discussion of each type follows, after which
examples of some commonly used montages are given.
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Referential Montages

The principle of this technique involves measuring the
electrical activity at different electrodes simultaneously, in
comparison with a common reference electrode. Ideally,
the common reference electrode should be unaffected by
cerebral electrical activity. Each electrode is connected to
grid 1 of a different amplifier, and the single reference
electrode is connected to the grid 2 inputs of all the ampli-
fiers. The terms monopolar and unipolar have sometimes
been used to refer to referential recording, but the use of
these terms is discouraged.

The major advantage of referential montages is that the
common reference allows valid comparisons to be made
between amplitude measurements in different derivations.
This is in contrast to the case of bipolar montages where
amplitude measurements may be unreliable so that ampli-
tude comparisons between derivations are invalid. As we
will see in Chapter 12, localization of a discharge in refer-
ential montages is based on the presence of amplitude dif-
ferences between channels. If we assume that the common
reference electrode is unaffected by a particular discharge,
then the discharge will appear with the same polarity in all
the nearby electrodes and will show a higher amplitude in
the electrode adjacent to the source in comparison with
the surrounding electrodes.

The major disadvantage of referential montages lies in
the fact that there is no ideal reference electrode. The
commonly used sites of reference, namely the earlobes, are
close to the temporal lobes and hence pick up a consider-
able amount of cerebral electrical activity from those
areas. As will be detailed later in Chapter 12, this can lead
to confusion in localization. Briefly, if there is an active
spike focus at T3, the midtemporal electrode, then the left
ear reference (A1) will also be “active” Under such condi-
tions, the voltage between T3 and A1 may be less than the
voltage between F7 and Al or between T5 and Al. The
result is a spike in the T3 derivation that is smaller in
amplitude than the spikes in the F7 or T5 derivations;
therefore, the spike focus is falsely localized to F7 or T5
instead of to T3 which is correct.

Another disadvantage of using the earlobes as a refer-
ence is that problems with ECG artifacts are more com-
mon. Why this happens is readily understood if the reader
will recall our discussion of common mode rejection in the
chapter on differential amplifiers. The ECG is a common-
mode or in-phase signal, and common-mode signals are
rejected by a differential amplifier. The degree to which
the ECG will be rejected depends on the common-mode
rejection ratio of the amplifier and on the extent to which
the ECG voltages present at grids 1 and 2 of the amplifier
are the same. Now, the ECG voltages appearing at the vari-
ous EEG electrodes are rarely identical; their magnitudes
depend on a number of factors, one of which is the distance
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Figure 11.3. Noncephalic reference electrode. The balance con-
trol is a 50K-ohm potentiometer. To avoid unbalancing the ampli-
fier inputs, the electrodes may be connected to the potentiome-
ter via a buffer rather than directly as shown in the diagram.

of the electrodes from the heart. In the case of closely
spaced electrodes, the differences in voltage may be quite
small, but they can become large if the electrodes are
widely spaced, as when one electrode of a pair is con-
nected to an earlobe. These voltage differences are treated
as out-of-phase signals by the amplifier; they are ampli-
fied along with the EEGs and appear as artifacts in the
recording.

It is sometimes possible to reduce ECG artifacts in refer-
ential recording by connecting both earlobes together.
This is referred to as a linked-ear or (A1 + A2) reference.
Needless to say, it is essential for impedances of the Al and
A2 electrodes to be low (3K to 5K ohms) when the
earlobes are employed in referential recording.

Extracerebral Reference Electrodes

In order to reduce the contamination of the common refer-
ence electrode by cerebral electrical activity, many other
sites besides the earlobes have been proposed. Thus, for
example, electrodes located on the angle of the jaw, on the
chin, the tip of the nose, and the neck have been tried as
references. These attempts have not been notably success-
ful. The major problem is the contamination of all chan-
nels by ECG and electromyographic (EMG) artifacts.
Noncephalic electrodes have also been tried as com-
mon references. One noncephalic reference electrode
described uses an electrode over the patient’s C-7 verte-
bra, which is connected to another electrode over the
suprasternal notch through a balancing potentiometer that
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is adjusted to minimize ECG artifacts (see Fig. 11.3).
Although such an arrangement can reduce ECG artifacts,
it is somewhat complex for routine EEG work, as rebalanc-
ing may become necessary when electrode impedances
change or the position of the head vis a vis the heart is
altered.

Average Potential Reference

Sometimes referred to as the Goldman-Offner reference,
this system of obtaining a common reference was derived
from a similar technique used in electrocardiography by
N.F. Wilson and colleagues in 1934. The principle upon
which the method is based is statistical. Assume that the
voltages present at the EEG electrodes occur at random
and are therefore independent of each other. In other
words, when the voltage at some electrodes is positive, it is
negative or zero at the others, and vice versa. Now, if all
these voltages are summed and the mean is taken, it is easy
to see that the mean will tend toward an absolute voltage of
zero as long as none of the electrodes show any excessively
large values that fall outside the distribution of the others.
This average potential, thereupon, serves as a common
reference and is connected to the grid 2 inputs of all the
amplifiers. As is the case with the ear reference, each of the
grid 1 inputs is connected to a different electrode. The
practical circuits used to derive the average potential are
somewhat complex and need not concern us here. The
interested reader may consult a more advanced text for
such detail.

The major disadvantage or shortcoming of the average
potential reference is that the basic assumptions upon
which the method is based are not entirely satisfied. In
particular, the voltages present at the various EEG elec-
trodes do not occur at random; nor do these voltages fit a
normal distribution. Thus, for example, excessively large
voltages associated with eye movements are commonly
picked up by Fp, and Fp,, and the high-amplitude vertex
waves that accompany stage II sleep are of maximum
amplitude in Cz. If these electrodes are included in the
average potential reference, eve-movement potentials and
vertex waves may appear as artifacts in the tracings from
many of the electrodes. What happens is that these large,
distinctive voltages contaminate the average and, in so
doing, get into the amplifiers via the grid 2 inputs. To avoid
such contamination, Fp,, Fp,, and Cz are never included
in the average. F7, F8, Fz, and Pz are often excluded for
the same reasons, leaving a total of 14 electrodes in the
average.

Average potential reference systems have a provision
that easily permits the technician to exclude any of the
electrodes actually contained in the average. This is an
essential feature of such systems because any electrode
containing a high-amplitude discharge like a spike or sharp
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wave can contaminate the average in the same way that was
already described. However, there is a limit to the number
of electrodes that may be taken out of the average, as aver-
ages based on a small number of cases are unreliable. As a
rule of thumb, averages containing fewer than 10 elec-
trodes should be avoided. An example of average reference
contamination by high-amplitude focal spike discharge is
given in Chapter 12 (Fig. 12.13).

Despite these problems, recordings obtained with the
average potential reference are often superior to those
using an ear reference. Nevertheless, there are instances
where the average potential reference can be grossly mis-
leading. One interesting example is the case of a patient
whose EEG shows an alpha rhythm of high amplitude,
with the activity spreading into the midtemporal and cen-
tral regions. When the average potential reference is used
in such a case, a remarkable thing occurs. The alpha
rhythm is seen in widespread distribution over the entire
scalp, including the Fp, and Fp, electrodes. The finding is
obviously an artifact; the alpha rhythm gets into the
anterior channels via the grid 2 inputs from the contami-
nated average reference. This is readily verified by noting
that the alpha waves appearing in the frontal derivations
are opposite in phase to the same waves present in the
occipital derivations (see Fig. 14.3).

Bipolar Montages

In bipolar recording, the potential difference between two
electrodes placed on the scalp is displayed. Unlike the case
of referential recording, both electrodes are considered to
be active, and the varying difference in voltage between
the two is recorded. Electrodes in a bipolar montage are
connected in a sequential manner: the electrode going to
grid 2 of the first derivation is also connected to grid 1 of
the next derivation. These sequences can be arranged in
chains, either in a longitudinal or a transverse array. With
such montages, an electrical discharge originating in the
common electrode of two adjacent channels will show the
phenomenon of phase reversal in both longitudinal and
transverse sequences.

As we will see in Chapter 12, the advantage of bipolar
sequential montages is the ease with which localization
can be made. Thus, phase reversals are very easily detected
by eve in the tracings. On the negative side, bipolar mon-
tages do not provide an accurate or valid measure of the
amplitude of the waveform of a particular event. Depend-
ing on the magnitude and phase of the voltages at the two
electrodes, the signals are subject to cancellation or sum-
mation (see Chapter 12) in the amplifier. For this reason,
bipolar recording merely provides a comparison of the vol-
tage at one electrode of a pair with respect to the voltage
at the other.
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Table 11.1. Some Commonly Used EEG Montages
(A) (B) ()
Longitudinal Transverse Referential
Bipolar Bipolar wlearlobes
Fp, - F7 FT—Fpl]F F7 - Al 7
F1-T3 | Fp, - F8 J'P T3 - Al |L
T3 - T5 F7 - F3 7] TS5 - Al |
T5 - Ol F3 - Fz F F§ - A2 7
Fp, - F8 Fz - F4 T4 - A2 R
F8§ - T4 R F4 - F8 T6 - A2
T4 - T6 T3 - €3 7 Fp, - Al 7
T6 - 02 C3 - Cz C F3 - Al
Fp, - F3 7 Cz - C4 ’ C3-Al |L
F3 - C3 L Cs-T4 J P3 - Al
C3 - P3 T5 - P3 7 Ol - Al
P3 - O1 P3- Pz |, Fp, - A2 7
Fp, - F4 7 Pz - P4 F4 - A2
F4 - C4 R P4 -T6 | C4 - A2 R
C4 - P4 T5 - Ol ]() P4 - A2
P4 - 02 02 -T6 02 - A2

Commonly Used Montages

As mentioned earlier, it is good practice to use routinely a
few montages that are common to different laboratories so
that EEG records from them can easily be compared. It is
advantageous to use both bipolar and referential montages;
in the case of bipolar montages, both longitudinal and
transverse montages should be included.

Table 11.1 shows some commonly used montages. This
table should be studied in conjunction with Fig. 11.1. In
column A of Table 11.1 we have longitudinal bipolar arrays,
namely, the temporal and the parasagittal bipolar chains
on both sides. Note that the derivations from right and left
sides are combined in blocks and that the temporal and
parasagittal chains are joined together into a 16-channel
montage. This montage is referred to colloquially as the
“double banana’? If a machine with only eight channels is
available, the temporal and parasagittal derivations can be
recorded in separate runs.

Column B of Table 11.1 shows a standard transverse
bipolar montage on a 16-channel machine. Note that the
more anterior electrodes are located at the top of the page,
while the more posterior electrodes are located at the bot-
tom. Note, also, that the electrodes on the left side appear
before those on the right. This configuration is commonly
referred to as a coronal montage. As a careful perusal of
column B will show, this montage is not readily convertible
for use on an eight-channel machine.

2When viewed in the context of Fig. 11.1, the temporal and
parasagittal chains combined take the shape of a banana. There
is one of them on each side; hence the term “double banana”
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Finally, column C in Table 11.1 shows a commonly used
referential montage that employs the ipsilateral earlobes as
common references. This same montage is also appropri-
ate for the average potential reference, in which case the
average reference is substituted for Al and A2 in the table.

Reformatting of Montages

Recent advances in technology have afforded a means
whereby the pattern of activity observed in one montage
may be used to derive or predict the pattern of activity that
would be seen in another. Although the method involves
some extensive computational operations that are carried
out by computer, it is simple in theory. An example will
best serve to explain the process of reformatting.

A patient’s EEG is recorded using a referential montage
in which tracings from the 19 scalp electrodes are taken
with respect to a common electrode. Each tracing, of
course, shows the variation in voltage that occurs with time
at a particular derivation. If, now, the voltages from two of
these derivations —say T3 and T5 —are combined algebra-
ically over time, the result would be a time-varying voltage
like that observed if T3 and T5 were connected in bipolar
fashion to a differential amplifier. The same operation can
be carried out for any two electrodes, and in this way a
wide variety of montages can be created. In practical
terms, the method permits the technician to take the EEG
using but a single montage. Later, when the record is read,
the electroencephalographer can reformat into any num-
bers of different montages, selecting those that provide the
most accurate localization information.

Extension of the 10-20 System

Although sufficient for most routine EEG work, the stan-
dard 19 scalp and 2 ear electrodes do not adequately evalu-
ate the electrical activity of the cerebral cortex in all cir-
cumstances. This is especially true in the case of
topographic mapping of brain electrical activity, as the
accuracy of information contained in a map is directly
related to the total number of electrode locations from
which the map is derived. To remedy this situation, a num-
ber of electrodes may be added to the standard 21 deriva-
tions.

The most commonly used additions to the 21 standard
derivations are the Tl and T2 electrodes. These are
located by first finding the point that is one third of the way
from the external auditory meatus to the outer canthus of
the eve, and then locating a point 1 cm directly above. Fall-
ing between and somewhat below F7 and T3 on the left,
and F8 and T4 on the right, T1 and T2 are closer to the
anterior part of the temporal lobes than F7 and F8, which
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are actually located over the inferior frontal area (see Fig.
11.2). T1 and T2 may be included as part of a bipolar chain
or in a referential montage.

Additional electrodes may also be applied between the
standard electrodes in the coronal rows. Thus, we have
Fp, between Fp, and Fp,, F1 between Fz and F3, F5
between F3 and F7 on the left, F2 between Fz and F4, F6
between F4 and F8 on the right, and so on for central,
parietal, and occipital rows. Together with the 21 standard
derivations and the T1 and T2 electrodes, this yields a total
of 37 derivations. Finally, additional electrodes may also be
placed between the rows defined by the frontal pole and
frontal electrodes, by the frontal and central electrodes, by
the central and parietal electrodes, and by the parietal and
occipital electrodes. In this way, more than 60 different
derivations become available.3 When electrodes are
placed so closely to each other, smaller-diameter disks are
advisable, and special care needs to be taken when apply-
ing them to avoid a salt bridge between electrodes.

Special Electrodes

The electrical activity of certain portions of the cerebral
cortex, notably the basomedial parts of the temporal lobe
and the orbital and medial parts of the frontal lobe, is not
accessible to the electrodes taken up thus far. This some-
times leads to problems in accurately locating seizure foci,
particularly in patients who are being considered for tem-
poral lobectomy. To overcome such problems, a number of
special electrodes may be used. These are described
below. Refer to Fig. 11.4 for the approximate location of
these electrodes.

Zygomatic Electrodes

Ordinary disk electrodes are used, and they are located
over the easily palpated zygomatic arch, below and
anterior to the T1 and T2 electrodes. Zygomatic electrodes
are useful for picking up activity from the tips of the tem-
poral lobes.

Nasopharyngeal (NPG) Electrodes

The tips of these electrodes are placed in contact with the
roof of the nasopharynx, so that activity from the uncus,
hippocampus, and orbitofrontal cortex may be picked up.
An NPG electrode consists of a piece of insulated flexible

3These extensions of the 10-20 System have been organized into
an expanded system of electrode placement —the 10% system —
by a number of electroencephalographers. For details and sug-
gested electrode-site nomenclature, refer to Nuwer MR: Record-
ing electrode site nomenclature. J Clin Neurophysiol 1987,
+4:121-133.
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Figure 11.4. Basal view of the brain showing the approximate
locations of special electrodes.

silver wire with a 3-mm silver or gold-plated silver ball at
the tip. The silver wire varies in length from 5 to 15 ¢m (to
accommodate pediatric and adult patients) and can be
bent to suit the dimensions of the nasal cavity. A trained
technician can place these electrodes easily and with only
minimal discomfort to the patient, although in patients
with deviated nasal septum insertion may be difficult and
there may be some discomfort. Local anesthesia is seldom
required.

The electrode should be autoclaved before use and may
be lubricated with sterile conductive gel. Holding the
electrode between the fingers, the ball at the tip is guided
along the floor of the nasal cavity beneath the inferior tur-
binate until it has passed through the nasal cavity and is in
contact with the pharyngeal mucosa (verify this placement
by asking the patient whether the ball is touching the back
of his/her throat). At this point, rotate the electrode so that
it is pointing upward and outward. The electrode can be
retained in that position by securing the connecting wire
under mild tension to the chin or jaw with a piece of tape.
To remove the electrode, retrace the same steps.

Nasopharyngeal electrodes are notorious for artifacts
from respiration and pulse and may give false lateralization
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owing to the tips being close to the midline. If the activity
observed in nasopharyngeal electrodes is totally confined
to them without any reflection in other derivations, dis-
tinction from an artifact may be impossible.

Sphenoidal Electrodes

Thin, flexible insulated platinum wire is introduced along
a spinal needle, under local anesthesia so that the tip of the
wire lies in close proximity to the foramen ovale. After x-ray
verification of the position of the electrode, the spinal
needle is withdrawn. The wire can stay for several days for
prolonged recording. Activity from the basal and mesial
temporal cortex can be recorded without too much
artifact. The procedure is usually well-tolerated but needs
to be done by a physician familiar with the technique.

Ethmoidal Electrodes

The electrode is a flexible insulated silver wire with a bul-
bous tip. Under topical anesthesia it is introduced into the
nostril and gently passed up so that the tip lies in contact
with the cribriform plate of the ethmoid bone. Activity
from the orbitofrontal cortex may be recorded using this
technique.

Surgically Placed Electrodes

Patients undergoing evaluation for seizure surgery may
need long-term recording by electrodes situated close to
the cerebral cortex. The electrodes may be placed
epidurally, subdurally, or within the brain substance
(depth electrodes). For subdural recordings, a flexible
plastic plate with up to 64 electrodes is used. During sei-
zure surgery, specially designed electrodes may be placed
over the exposed cortex to localize the sites of epileptiform
activity accurately (electrocorticography). Details are
found in more advanced, specialized texts.

Reference

Homan RW, Herman ], Purdy P: Cerebral location of Interna-
tional 10-20 System electrode placement. Electroencephalogr
Clin Neurophysiol 1987; 66:376-382.



Chapter 12

Localization and Polarity

In plain and simple terms, the EEG is the recording of the
difference in electrical potential or voltage between vari-
ous pairs of sampling electrodes attached to the surface of
the scalp. Seen in this limited context, there are three
major questions that need to be answered in clinical elec-
troencephalography, namely, (1) what is the magnitude of
a particular voltage observed at a particular instant in
time?, (2) what is its polarity, that is to say, is the particular
voltage positive or negative?, and (3) from where does it
originate? Whereas the answers to these questions can be
relatively simple for a linear conductor, they are consider-
ably more complex in the case of a volume conductor like
the brain. The magnitude of the complexity already was
recognized in 1853 by Hermann Helmholtz who noted
that a given “electromotive surface” may reflect an infinite
variety of internal electrical fields (Helmholtz H, 1853).

Volume Conductors

What is volume conductor? We can best define this by first
reviewing what is meant by a linear conductor. All the elec-
trical circuits we have heretofore dealt with that are part of
an EEG machine are linear conductors. The electrical cur-
rents involved flow along limited pathways in wires and var-
ious elements like resistors and condensers. In a volume
conductor, additional pathways have been added. The con-
ducting medium occupies three-dimensional space so that
current flow can take many pathways. These pathways may
display characteristics that are quite complex, as when
conducting media having different electrical characteris-
tics are involved.

Such is the case with the brain and brain electrical
activity where the recording electrodes are placed not
directly on the brain but on the scalp. The brain itself is a
volume conductor. But, in addition, the EEG signals must
pass through volume conductors—cerebral spinal fluid,

meninges, skull bone, and scalp (which in turn interfaces
with the surrounding atmosphere)—before reaching an
electrode. One result of this is a fourfold decrease in ampli-
tude of EEG signals and a marked attenuation of the
higher frequencies. The magnitude of the attenuation is
rather dramatically illustrated by the phenomenon some-
times referred to as the “breach effect;” or focal enhance-

ment of the amplitude of beta activity resulting from a
skull defect.

Concept of a Dipole: Fields and
Equipotential Contours

How are voltages distributed in a volume conductor? And
what is the relationship between the voltages within and
those observed on the surface of a volume conductor? To
facilitate discussion of this topic, the various voltage
sources within a volume conductor are looked upon as
simple dipoles. A dipole is an electrical unit composed of
equal but opposite electrical poles or charges separated in
space. It is analogous to a bar magnet where one end is
north and the other end is south. Just as there is a magnetic
field encircling a magnet, so there is an electrical field sur-
rounding a dipole. Let us examine the nature of that field.

The electrical field around a vertically oriented dipole in
a vessel containing a conducting medium is shown in Fig.
12.1. The horizontal line that is perpendicular to the axis
of the dipole represents the interface between the con-
ducting medium or volume conductor below and the air
above. The curved lines represent equipotential contours;
this means that the voltages (referred to a distant reference
electrode) measured at all points along a given contour are
the same. Note that the voltages are smaller as the contours
move farther away from the electrical poles. Note also that
the equipotential contours appear distorted and show a
different configuration on the surface than they do within
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Figure 12.1. The electrical field around a vertically oriented
dipole. The figure shows the surface and depth distributions of
electrical potential for a dipole located 1 cm below the air-

the volume conductor. The absolute voltages are seen
to be larger, and the field is more extended on the sur-
face.

The upper portion of Fig. 12.1 shows a plot of strength
of the field at various locations on the surface relative to
the strength of the dipole, the voltage of which is taken to
be 1.000. As will be seen, the field is strongest at the axis
of the dipole, which is the line connecting the points of
maximum negative and positive charge. In Fig. 12.2 we
show the surface and depth distributions of potential when
the dipole is oriented horizontally with respect to the
interface between conducting medium and air. Note that
when the dipole is oriented in this manner, a phase reversal
is perceived in the voltage measured at the surface. The
topic of phase reversals is taken up later in this chapter.

Theory of Localization

Localization in electroencephalography is based on the
premise that brain electrical activity is generated by
dipoles as described in the previous section. The location
of the dipoles is inferred from the distribution and polarity
of voltages observed on the surface of the scalp. This is
accomplished by the use of multiple-channel recording in
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volume conductor interface. Field-strength values are relative to
the strength of the dipole, which is equal to 1. Remote reference
electrode.

which voltages are recorded simultaneously from different
derivations. For this purpose, the differential amplifier is
essential. As mentioned in an earlier chapter, a differential
amplifier records the difference in voltage between two
electrodes or derivations. By convention, EEG machines
are designed so that the pens deflect upward when grid 1
of the differential amplifier is negative with respect to grid
2. Although this may suggest to the reader that the deriva-
tion connected to grid 1 is electrically negative if the pen
of that channel deflects upward, a little thought will show
that this is not necessarily so.

Problems of Polarity

Consider some simple examples. Suppose that grid 1 is
connected to — 50 pV while grid 2 is connected to + 10 pV.
The voltage difference under such conditions is 60 pV, and
since grid 1 is more negative than grid 2, the pen deflects
upward. But now, suppose instead that grid 1 is connected
to +10 pV while grid 2 is connected to + 70 pV. In this
case the voltage difference is again 60 pV, and since grid 1
is less positive (more negative) than grid 2, the pen again
deflects upward. We find, therefore, that in both instances
the pen deflects upward; but in the former case grid 1 is
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Figure 12.2. Surface and depth distributions of electrical potential as in Fig. 12.1, except that the dipole is horizontally oriented.

connected to a negative voltage, whereas in the latter it is
connected to a positive voltage. The obvious conclusion is
that we cannot infer the absolute polarity at a particular
electrode simply by connecting it up to a differential
amplifier and observing the output.

How then do we discover the polarity of an electrical
event occurring within the brain from surface recordings
of electrical activity? And how do we discover its location?

Figure 12.3. Principles of localization, rule 1. A, B, and F are scalp
electrodes connected to the differential amplifiers of two EEG
channels. The radial dipole is oriented so that the axis of the
dipole is perpendicular to the scalp at F. Note that interelectrode
distance FB is twice the distance in FA.

Concerning polarity, we are able only to deal with relative
polarity—the polarity at a particular electrode relative to
other regions on the scalp or body. The localization of the
electrical event occurring within the brain from activity
recorded by electrodes placed on the scalp is determined
by five principles. These principles are discussed in the
following section.

The Five Principles of Localization

These principles or rules are illustrated in the diagrams of
Figs. 12.3 through 12.9. In these diagrams, F is the point
of intersection with the scalp of the axis of a radially
oriented dipole that is perpendicular to the scalp. F, then,
represents a focus or the center of a limited region on the
scalp displaying the electrical activity generated by the
dipole. Following EEG convention, the differential ampli-
fier is represented by a triangle with the apex pointing to
the right. The solid line is the input to grid 1 and the
broken line the input to grid 2. The voltage picked up from
the dipole and amplified is represented as a triangular
waveform. Polarity of the waveform is negative because the
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negative pole of the dipole is adjacent to the surface while
the positive pole is buried deeper in the cerebral cortex.

Rule 1. If one of a pair of electrodes is at F, the focus, the
amplitude of the recorded potential will increase as the
distance between this electrode and the second electrode
of the pair increases. Thus, in Fig. 12.3, the distance
FB is greater than FA; therefore, the amplitude of the
voltage recorded between F and B is greater than the
amplitude recorded between F and A. In short, widely
spaced electrodes record larger voltages than closely
spaced electrodes.

Rule 2. Given two pairs of electrodes having equal
interelectrode distances, the potential recorded from the
pair having one electrode at F will be greater than the
potential recorded from the pair having neither electrode
at F. In Fig. 12.4, the interelectrode distances FA and AB
are equal. The voltage recorded is greater in channel 1
than channel 2 because one of the channel 1 inputs is con-
nected to F, the focus of the activity.

Rule 3. The farther away the dipole is from the surface of
the scalp, the smaller will be the potential observed at the
surface and the smaller the voltage recorded between pairs
of electrodes, interelectrode distances being constant.
This rule is illustrated by two examples in Fig. 12.5. Note
that the dipole in case 1 is nearer the surface than it is in
case 2 so that the voltage recorded by electrodes at F and
A is greater in case 1 than in case 2. Because the actual
dipole generators from which we are able to record using
surface electrodes are near the surface of the cerebral cor-
tex, the rule has more theoretical than practical sig-
nificance. It is possible, of course, for a dipole generator in
a sulcus or on the mesial or inferior surface of the
hemisphere to be a deep generator; but, in such a case, the
dipole axis probably would not be perpendicular to the
surface. This condition cannot be analyzed by current
methods herein described as they assume that the dipole is
perpendicular to the scalp. Generators located in the sub-
cortical gray matter are of little practical interest because
they are too far away from the scalp to be recorded by con-
ventional EEG methods.

Rule 4. 1f three electrodes are connected so that one is at
F and is common to two recording channels, being the grid
2 input of the first channel and the grid 1 of the second, the
pen deflections in the two channels will be in opposite
directions. Figure 12.6 shows this set of conditions. The
outputs of the two channels illustrate what is meant by the
term “phase reversal,” or what is really an instrumental
phase reversal not a true phase reversal. Note that the rever-
sal results from the fact that the shared electrode goes to
opposing inputs and hence causes the opposing deflections
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Figure 12.4. Principles of location, rule 2. Legend as in Fig. 12.3
except that interelectrode distances FA and AB are equal.

F
© CASE
> 1
F
S CASE
- ©) 2

Figure 12.5. Principles of localization, rule 3. Cases 1 and 2 both
have the axis of the dipole perpendicular to the scalp at F. But in
case 1, the negative pole is close below the surface, whereas in
case 2 it lies deep in the cerebral cortex.

Figure 12.6. Principles of localization, rule 4. The radial dipole is
oriented so that its axis is perpendicular to the scalp at F. The
focus of activity, F, lies equidistant from the electrodes A and B.
Channels 1 and 2 show an instrumental phase reversal.
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Figure 12.7. Principles of localization, rule 5. (a) The radial
dipole is oriented so that its axis is perpendicular to the scalp at
F. The focus, F, is equidistant from electrodes B and C, thereby
forming an equipotential zone at these electrodes. Channel 2,
therefore, records no difference in potential between them.
Channels 1 and 3 show an instrumental phase reversal. (b) Rule
5 in the case of an “active ear” In this instance, the focus F is situ-
ated in the temporal area adjacent to the ear and is equidistant
from electrodes P and Q. Channel 1 documents the presence of
the equipotential zone at these electrodes.

to occur. A phase reversal identifies the electrode that is
nearest to the point of maximum voltage, or the focus.

Rule 5. If two electrodes are equidistant from F the focus,
no voltage will be recorded between them. In Fig. 12.7(a),
B and C are equidistant from F and no voltage is recorded
from the “equipotential zone” surrounding these two elec-
trodes, which are the inputs to channel 2. This outcome is
an example of cancellation, a phenomenon that will be
taken up in a later section. Figure 12.7(a) also shows a
phase reversal between channels 1 and 3.

An interesting, practical application of rule 5 occurs in
the case of the so-called “active ear;” in which a focus is situ-
ated in the temporal area adjacent to the ear. This is illus-
trated in Fig. 12.7(b), where electrodes are placed in a
coronal chain across the top of the head, from left to right,
starting with the electrode on the left earlobe. With the
focus located midway between the earlobe and the mid-
temporal electrode, an equipotential zone is created about
electrodes P and Q so that no voltage is recorded between
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the inputs of the channel 1 amplifier. The deflection ob-
served in channel 2 is larger than that in channel 3 because
Q is closer to the focus than R—a corollary of rule 2.

When an earlobe electrode is used as a common elec-
trode in referential recording, an “active ear” can become
a serious source of contamination in the derivations for
which this electrode serves as a reference. Ear contamina-
tion is taken up in a later section of this chapter.

Figure 12.8(a) shows a special case of rule 5. In this
instance the focus F is not on the line joining electrodes A,
B, C, and D but instead is to one side. Nevertheless, F is
equidistant from B and C so that the rule still holds.
However, the exact position of F along the perpendicular
from the midpoint of the line joining B and C cannot be
determined using the configuration of electrodes shown in
Fig. 12.8(a). To locate the focus in this dimension, a chain
of electrodes perpendicular to the ABCD chain at the mid-
point between B and C is applied. This configuration is
shown in Fig. 12.8(b), where the electrode at R happens to
be directly over the focus F. Note that there is an
instrumental phase reversal at electrode R, which, by rule
4, localizes the focus to this electrode.

Figure 12.8. Special case of rule 5. (a) The focus, F, is equidistant
from electrodes B and C, but is not on a line joining them. As in
Fig. 12.7(a), channel 2 records no difference in potential between
these electrodes. (b) Use of a horizontal line of electrodes to
document the location of the focus in the horizontal dimension.
The phase reversal in channels 2 and 3 indicates that electrode R
is at the focus.
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Figure 12.9. Another special case of rule 5. The focus, F, is
between electrodes B and C, but is closer to one than the other.
Channels 1 and 2 show an instrumental phase reversal of unequal
amplitude, which indicates that the focus is between electrodes
B and C, and nearer to B than C. What happens when F is closer
to C than B?

Another special case of rule 5 occurs when F is between
two electrodes, but nearer to one than the other. In such a
case a voltage will be recorded between these two elec-
trodes, but the voltage will be less than it is when one of the
electrodes is directly over F. The rule is illustrated by the
comparative amplitudes in channels 1 and 2 of Fig. 12.9.
In this figure an instrumental phase reversal is observed
between channels 1 and 2. This happens because grid 2 of
channel 1 and grid 1 of channel 2 are connected together
at B, a common lead. The phase reversal indicates that
electrode B is nearest to the focus. Since the voltage
between B and C is less than the voltage between A and B,
F must be between B and C but closer to B than C.

All these rules are derived from the fact that around the
point of maximum potential that is the focus, there are con-
centric isopotential lines (equipotential contours in three-
dimensional space). Each successive line represents a uni-
form decrement in potential, and every point on a line has
the same potential as every other point on the same line.
The distance between successive concentric circles
becomes greater as the distance from the focus increases,
which indicates that the rate at which field strength is
decreasing diminishes as one moves farther away from the
focus. The magnitude of the potential recorded between
any pair of electrodes in the field surrounding a focus will
depend on the strength of the field at one electrode rela-
tive to the strength of the field at the other. The more
isopotential lines between two electrodes, the greater the
potential difference between them; two electrodes any-
where on the same isopotential line will have no potential
difference between them.

Cancellation, Summation, and the
Determination of Polarity

Cancellation and summation are phenomena that occur as
the result of using differential amplifiers for recording
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EEGs. The importance of these phemonena cannot be
overemphasized, as a thorough understanding of their
effects is essential in order to correctly interpret an EEG
record.

Cancellation occurs when input voltages of the same
polarity are connected to grids 1 and 2 of a differential
amplifier. Cancellation may be either complete or partial.
We already encountered a case of complete cancellation in
the last section. When a focus of electrical activity is
equidistant from the electrodes connected to the inputs of
a differential amplifier, the voltages at grid 1 and grid 2 are
identical, and the channel records an output of zero volts.
We explain this outcome by saying that the voltages at the
two inputs, being identical, have cancelled each other out.
The reader should recognize that any number of different
positive and negative voltages as well as zero volts at both
inputs can yield the same result, namely, an output equal
to zero volts. This observation highlights the fact that a
differential amplifier measures voltage differences not
absolute voltages.

Partial cancellation occurs when the voltages connected
to both grids have the same polarity but are of different
magnitude. A few examples will show what happens when
different combinations of voltages of the same polarity are
connected to the two inputs of a differential amplifier. The
effects are summarized in Table 12.1.

Table 12.1 illustrates three important points that readers
should verify for themselves by reference to the various
entries. In the first place, note that the magnitude and
polarity of the output voltages are determined by algebrai-
cally subtracting the input voltage on grid 2 from the input
voltage on grid 1. Secondly, the output voltage is always
smaller than either input voltage, an outcome that is
predicted by the term cancellation. Lastly, it is impossible
to work backward and deduce either the magnitude or
polarity of the input voltages from the magnitude and
polarity of the output voltage. This will be apparent by not-
ing in Table 12.1 that an output of — 5 pV can be generated

Table 12.1. Some Examples of Cancellation in a Differential
Amplifier?

Input Voltages (uV) Output

Grid 1 Grid 2 Voltage (uV) Polarity
-15 -10 5 -
-20 -30 10 +
+10 + 6 4 +
+50 +80 30 -
-25 -20 5 -
+20 +16 4 +

T +25 +30 5 -

“To simplify the table, output values shown assume that the amplifier
has a gain or amplification factor of exactly 1. This makes the amplifier
a buffer amplifier.



90

Table 12.2. Some Examples of Summation in a Differential
Amplifier®

Input Voltages (uV) Output
Grid 1 Grid 2 Voltage (uV) Polarity
- 20 + 30 50 -
+100 - 75 175 +
- 30 + 20 50 -
+ 25 - 150 175 +
- 3 + 2 5 -
- 2 + 3 5 -

4To simplify the table, output values shown assume that the amplifier
has a gain or amplification factor of exactly 1. This makes the amplifier
a buffer amplifier.

by grid 1 and grid 2 voltages of — 15and — 10 pV, — 25 and
-20uV, and +25and +30 pV. These, of course, are only
three of an infinite number of different combinations of
grid 1 and 2 voltages that can produce an output of -5 V.

Summation occurs when input voltages of opposite
polarities are connected to grids 1 and 2 of a differential
amplifier. The examples in Table 12.2 show what happens
when different combinations of voltages having different
polarities are connected to the two inputs of a differential
amplifier. Note that, as was the case with cancellation, the
magnitude and polarity of the output voltages are deter-
mined by algebraically subtracting the input voltage on
grid 2 from the input voltage on grid 1. Also, observe that
the output voltage is always larger than either input
voltage —an effect suggested by and in harmony with the
term summation. Table 12.2 also shows that it is impossible
to infer magnitude of input voltages from magnitude of the
output voltage. Thus, for example, note in Table 12.2 that a
50-uV output arises from grid 1 and 2 inputs of — 20 and
+30 uV or —30 and +20 pV, and an output of 175 pV
from +100 and —75 pV or +25 and - 150 puV.

Because the polarity of every output voltage shown in
Table 12.2 is the same as polarity of the corresponding
input voltage to grid 1, it appears that output polarity
might serve as a clue to the absolute polarity of the input
voltages. Unfortunately, this does not happen in practice,
the reason being that we can never be absolutely certain
that a particular event in an EEG tracing is the result of
summation. For example, although in Table 12.2 an output
voltage of — 5 pV is present only when there is a negative
voltage on grid 1 and grids 1 and 2 have voltages that sum
to 5 uV, this outcome is not unique to summation. Thus, as
Table 12.2 shows, an output of — 5 uV can be produced by
a variety of different positive as well as negative voltages
connected to grid 1.

In concluding this section, the reader should be clearly
aware of two essential facts concerning EEG recordings.
We reiterate them here at the risk of seeming repetitious
because they are so important. Firstly, it should be recog-
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nized that the voltage displayed at any point in time in an
EEG tracing represents the difference between the vol-
tages present at the two electrodes to which the differen-
tial amplifier is connected. Furthermore, it is important to
understand that any polarities assigned to various electri-
cal events observed in an EEG tracing are not absolute
polarities but are only relative polarities. Thus, we cannot
say that a particular deflection in the tracing results from
the voltage at a particular electrode being negative; we can
only say that it is negative with respect to the voltage at the
other electrode in the circuit — that the voltage is relatively
negative. Fortunately, it happens that from the neu-
rophysiological standpoint, most focal activity such as
spikes is likely to be negative. So when a spike is seen in a
clinical EEG, the best guess is that it is electrically nega-
tive. But the EEG tracing does not tell us that, even though
the tracing happens to be compatible with this conclusion.
It only tells us that the focus is negative with respect to the
area surrounding it. Information concerning absolute
polarity can be gained only from other types of recordings
using different kinds of methods.

Phase Reversal

A phase reversal can be either of two different types,
instrumental phase reversal or true phase reversal. Instru-
mental phase reversal is by far the most common type
encountered in clinical EEG. As mentioned earlier in this
chapter, it occurs when grid 2 of one channel and grid 1 of
a second channel are both connected to a single electrode
situated over a focus of activity. As seen in Fig. 12.6, oppos-
ing deflections occur in these two channels because the
identical voltage goes to opposing inputs. The term
instrumental, therefore, simply reflects the fact that the
phenomenon is the result of the particular way in which
electrodes are connected to the EEG machine. Instrumen-
tal phase reversals are the key to localization when employ-
ing a bipolar recording system—a recording system in
which adjacent channels are connected in a chain.
Recording-system details have already been discussed in
the previous chapter.

A true phase reversal occurs when the axis of a dipole
that is the source of electrical activity recorded from elec-
trodes on the scalp is not perpendicular to the scalp. This
would happen if, for example, the dipole were located in a
sulcus of the cerebral cortex, which could place its axis
almost parallel to the scalp. The result of such a condition
is analogous to the situation and outcome shown in Fig.
12.2. Note that a phase reversal occurs in the plot of the
voltage measured at the surface. This is a true phase rever-
sal since the voltages are all measured with respect to the
same distant electrode.



Phase Reversal

Thus far in this chapter, we have discussed phase rever-
sals as if they occurred only in response to the presence of
a brief electrical event like a spike generated in a limited
cortical region. This is clearly not the case. A phase rever-
sal is not synonymous with the presence of a spike; nor is
it necessarily indicative of an abnormality in the EEG. An
instrumental phase reversal may occur whenever the same
electrode is connected to opposing inputs of two adjacent
channels. Thus, for example, the alpha rhythm recorded
in T5-O1 can show some phase reversals with the alpha
rhythm recorded in O1-O2, but this has no clinical sig-
nificance.

Localization in Referential Recording

In the last section we mentioned the case in which the
voltages present at various points along a surface are all
measured with respect or reference to a single electrode.
This condition is referred to as referential recording, and
the method has already been discussed in some detail in
the previous chapter. Our purpose here is simply to show
how referential recording is used in localization.

In referential recording, a different scalp electrode is
connected to grid 1 of each differential amplifier, while a
common electrode goes to grid 2 of each amplifier. This
common or reference electrode may be either a single
electrode, as in the case of an ear reference, or a composite
of numerous electrodes, as in the case of an average refer-
ence. The basic convention discussed earlier still holds,
namely, that a channel will deflect upward when grid 1 is
negative with respect to grid 2, and downward when grid
1 is positive with respect to grid 2. This means that a phase
reversal observed in a line of referentially connected elec-
trodes is a true phase reversal. Indeed, a true phase rever-
sal is best detected and localized using referential record-
ing. The other clue to localization in referential recording
is amplitude. In referential recording, the larger the deflec-
tion associated with a particular focus of activity, the closer
the electrode is to the focus. As interelectrode distances
are the same for homologous left and right derivations in
referential recording, this is the optimal system to use
when making amplitude comparisons between the two
hemispheres.

When an ear electrode is employed as a reference, ear
contamination can present a major problem. This happens
when a so-called “active ear” is present. As mentioned
briefly in Chapter 11, the contamination results from sig-
nificant activity occurring in the adjacent temporal region
being picked up by the ear reference electrode. An exam-
ple best describes what happens.

In Fig. 12.10, the focus F is midway between electrode
P, the electrode on the earlobe, and electrode Q. Following
rule 5, channel 1 shows no deflection because P and Q are
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Figure 12.10. Contamination of a referential recording em-
ploying an ear reference electrode by an “active ear” F, the
focus, is equidistant from electrodes P and Q. Channels 2 and 3
are contaminated with activity picked up from F by P, the refer-
ence electrode.

located in an equipotential zone. On the other hand, chan-
nel 2 shows a deflection, there being a potential difference
present between R and P and likewise in the case of chan-
nel 3. The deflection is of larger amplitude in channel 3
than in channel 2 because the distance between S and P is
greater than the distance between R and P (an application
of rule 1). Note that these are downward rather than
upward deflections as in the previous examples. This is the
result of the fact that grid 2 is negative with respect to grid
1, whereas grid 1 was negative with respect to grid 2 in the
earlier examples.

The phenomenon just discussed is referred to as active
ear contamination of the scalp electrodes because the out-
puts of channels 1, 2, and 3 show activity that suggests that
a surface positive focus is present at electrode S. The fact
that in EEG work foci are usually surface negative and only
rarely surface positive argues against the latter possibility.
That we, indeed, are dealing with a surface negative focus
between electrodes P and Q is readily confirmed by con-
necting P, Q, R, and S in a bipolar chain as in Fig. 12.7(b)
and observing the outputs as shown. If the focus were sur-
face positive and located at S instead of surface negative
and located at F, as in Fig. 12.7(b), the channel 1, 2, and 3
outputs would be different. We leave it to the reader to
determine what these outputs would be like.

Commonly Seen Localizing Patterns

Some of the most commonly occurring localizing patterns
are shown in Fig. 12.11. The five examples given illustrate
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Figure 12.11. Some commonly seen localizing patterns. Simultaneous bipolar and referential recordings. A, B, C, and D represent
electrodes placed over F7, T3, T5, and OL. R in referential recording is on the contralateral ear.

the configurations seen in referential as well as in bipolar
recording. In each case the interpretation or location of
the focus is given at the right. With machines having 18 or
more channels, such simultaneous referential and bipolar
recording has become practicable and localization of foci
of spike activity can be made more quickly and accurately.
Note that in confirming by referential recording the loca-
tion of a focus observed in bipolar recording, or vice versa,
we are able to verify its existence.

The last example in Fig. 12.11 shows the localizing pat-
terns when the contralateral ear, which serves as the refer-
ence, is contaminated. A different localizing pattern will
be seen when the ipsilateral ear is contaminated instead
and serves as reference. The localizing patterns for these
two different conditions are shown side by side in Fig.
12.12 for comparison. Following conventional EEG prac-
tice, the reference electrode is connected to G2. This
means that contamination (negativity) at R results in a
downward deflection of the tracings, which is a valuable
localizing sign.

It is interesting to note that the bipolar localizing pat-
terns for negativity at the ipsilateral ear and for negativity
at B (Fig. 12.11) are identical. The difference between the
conditions, however, is picked up by the referential record-
ing, a fact that highlights the importance of using both
bipolar and referential recording.

Negativity At R | Negativity At R
Contralateral Ear| Ipsilateral Ear
Bipolar Chain
A—B
V
c-D N\
Referential
A—R
V V
B—R —\/— e N
C—R
V \Y
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Figure 12.12. Contamination (negativity) at contralateral and
ipsilateral ears and the localizing patterns seen in simultaneous
bipolar and referential recording. A, B, C, and D represent elec-
trodes placed over F7, T3, T5, and Ol.



Commonly Seen Localizing Patterns

Contaminated Average Potential
Reference

As explained in Chapter 11, the average potential refer-
ence (also referred to as averaged common reference) is an
attempt to obtain a truly indifferent electrode, that is, a
point of zero potential against which the voltages at other
electrodes may be compared. In this technique, G2 of each
channel is connected to a common point whose voltage is
an average of the voltages from all the electrodes. We noted
earlier in Chapter 11 that the Fp,, Fp,, and Cz electrodes
are excluded from the average, and that F7, F8, Fz, and Pz
are often also excluded.

The main difficulty with this montage is that a high
amplitude potential, as for example a large spike in one
electrode, can cause a surge in voltage at G2, which leads
to a confusing localizing pattern in many channels. Figure
12.13 shows the effect of having a large spike — 200 pV in
amplitude present at T5 with spikes of — 20 uV at T3 and
OLl. As there are ten electrodes in the averaged common
reference, 10[( - 200) + (-20) + (—20)] or — 24 pV may
be expected at G2 of each channel. This leads to a deflec-
tion of — 176 pV at T5, and virtually no deflection (+ 4 uVv)
at T3 and O1. The other channels show a spurious down-
ward deflection due to G2 being 24 uV negative compared
with G1. To remedy this situation, the technician has to
identify the electrode picking up the high amplitude
potential (easily identified because it shows the largest
deflection) and remove it from the average. In the present
example, once T5 is excluded from the average, the nega-
tivity in G2 is reduced to virtually zero so that the down-
ward deflections disappear and T3, T5, and O1 show their
actual voltage levels of — 20 uV, — 200 uV, — 20 pV, respec-
tively.

Reference

Helmholtz H: Uber einige Gesetze der Vertheilung elektrischer
Strome in korperlichen Leitern mit Anwendung auf die
thierischelektrischen Versuche. Annalen der Physik 1853;
89:211-233.
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Figure 12.13. Contamination of average potential reference (Av)
by spike focus at T5. Circled derivations designate electrodes in
the average. Tracings show recordings from electrodes in the tem-
poral chains; all referred to the average potential. The spurious
downward deflections disappear when the T5 electrode is
removed from the average.



Chapter 13

Introduction to EEG Reading

The first encounter with an EEG tracing is somewhat per-
plexing to the physician and the technician alike as they are
likely to be awestruck by the complexity of the record.
Often, the initial impression is that the task is too complex
to learn. The physician familiar with reading ECGs soon
realizes that there is little in common between the analysis
of the repetitive complexes of the ECG and the ever
changing waveforms of the EEG. At this stage, the prospec-
tive electroencephalographer is tempted to exclaim: “This
is all Greek and Latin to me” Indeed, learning to read
EEGs is not unlike learning to read a foreign language.

Reading EEGs —An Analogy

To read a new language, needless to say, one needs first to
learn the alphabet. The alphabet of the EEG consists of
the various frequencies and waveforms that comprise the
tracing. Just as the letters of the alphabet are combined in
different permutations and combinations to form words
and then sentences, so the EEG tracings are made up of
combinations of waveforms of different frequencies and
morpholoegy. To carry the analogy further, it is not enough
to be able just to read the words and sentences; one needs
to understand quickly the meaning of what is written. In
the same way, EEG reading involves analyzing the wave-
forms and deducing their significance. With experience,
one uses a speed reading technique in which a whole page
is rapidly scanned for evidences of normal and abnormal
phenomena. How successfully this is done depends to a
large extent on developing pattern-recognition skills.

Learning to Read
How does one learn to read EEGs? Like any other branch

of medicine this involves a continuous process of learning
for many months or sometimes even years. Often the initial

learning is accomplished through observing an experi-
enced electroencephalographer read EEGs. The next step
involves reading under supervision; having seen how an
experienced electroencephalographer interprets a record,
and having gathered essential information regarding nor-
mal and abnormal patterns, the trainee interprets records
in the presence of his or her instructor. Ideally, the instruc-
tor should regularly quiz the trainee on the various wave-
forms and artifacts in the tracings, and the trainee should
complement this by seeking answers to the questions.

Without at least an elementary knowledge of the basic
principles of electricity, neurophysiology, and the tech-
nique of recording, it is impossible to learn to read EEGs
properly. One needs to know what calibration means, how
the various frequency filters work, how various artifacts are
identified, and how neurologic disorders produce altera-
tions in electrical activity of the brain. The prospective
electroencephalographer also needs to have a thorough
working knowledge of the various montages used. All these
topics are taken up in considerable detail in this text.

Numerous EEGs need to be seen before one becomes
familiar with the wide range of normal variations in differ-
ent age groups and physiological states. The task becomes
even more difficult when tracings of neonates and prema-
ture infants have to be interpreted. It may take two or three
vears of experience in reading before one has acquired
reasonable expertise.

Terminology

It is essential to use standard terminology in describing the
EEG. The International Federation of Societies for Elec-
troencephalography and Clinical Neurophysiology has
proposed definitions for the various terms used in EEG to
facilitate communication between different electroen-
cephalographers. In this section, we list the definitions of



Terminology

some of the terms that are most commonly used in EEG
reading!

Background Activity

This term denotes the general setting in which changes in
frequency, amplitude, or morphology appear. Although the
alpha rhythm may be the background activity in the trac-
ings from the posterior regions, it is important to note that
the term background activity is not synonymous with
alpha rhythm; thus, over the frontal area, the activity may
be mostly in the beta frequency band. The background
activity may not always be a normal pattern; the term can
also refer to abnormal patterns.

Both the background activity and the changes that
appear in the features of the tracing are described in terms
of frequency, amplitude, wave shape, symmetry, synchrony,
location, continuity, and reactivity. It is important to under-
stand the meaning of each of these terms to give a proper
description of the EEG.

Frequency

This term refers to the rate at which a particular waveform
repeats; it is usually used in the context of rhythmic
activity (repeating with regularity). Depending on the fre-
quency, the activity is classified as delta (less than 4 Hz),
theta (4 to 8 Hz), alpha (8 to 13 Hz), or beta (more than 13
Hz) activity. Although these terms are ideally restricted to
rhythmic activity, they are also often used to describe non-
rhythmic or random activity; in this case the frequency of
a particular wave will be ascertained by taking the inverse
of its duration.

The frequency bands are used to describe the activity
irrespective of where it occurs. But the term alpha rhythm
is more specifically used to denote the 8 to 13 Hz rhythm
occurring during wakefulness over the posterior region of
the head; it occurs generally with maximum voltage over
the occipital area, is best seen with the patient’s eyes
closed and under conditions of physical relaxation and
relative mental inactivity, and is blocked or attenuated by
attention, especially visual attention and mental effort.
Sometimes the terms fast and slow activity are used to
denote a dominant frequency above or below the alpha
band. The term monorhythmic is often used when the par-
ticular activity shows rhythmic components of a single fre-
quency. When there are multiple frequencies the term
polyrhythmic is used. The term periodic applies to EEG
waves or complexes recurring at approximately regular

'For a listing of commonly used terms and their definitions, see
the glossary in Appendix 1. The reader may also refer to Chatrian
GE, Bergamini L, Dondey M, et al: A glossary of terms most com-
monly used by clinical electroencephalographers. Electroen-
cephalogr Clin Neurophysiol 1974; 37:538-553.
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intervals; usually the intervals vary from one to several
seconds.

Amplitude

This is expressed in terms of voltage in microvolts based on
a peak-to-peak measurement. One needs to know the sen-
sitivity at which a recording was made to determine this.
For this purpose, the reader consults the routine calibra-
tion at the beginning or end of the record. The amplitude
will vary depending on the technique of recording, the
bipolar montages with short interelectrode distances giv-
ing a smaller amplitude than the referential montages with
larger interelectrode distances. Ideally, amplitude should
be described in terms of the actual voltage; however, the
terms low, medium, and high amplitude are often used.
The term low is used when the amplitude is under 20 pV,
medium when it falls in the range of 20~50 pV, and high for
more than 50 pV. The use of these terms is discouraged
owing to lack of uniform criteria.

Attenuation and blocking are terms used when there is a
reduction in the amplitude of EEG activity, usually in
response to some stimulus. The classic example is attenua-
tion of the alpha rhythm in response to eye opening. The
term suppression is used when little or no electrocerebral
activity can be discerned in a tracing. Paroxysmal activity
is a term denoting activity of much higher amplitude than
the background that occurs with sudden onset and offset.
It need not necessarily denote an abnormal activity.

Wave Shape or Morphology

Electroencephalographic activity is essentially a mixture
of waves of multiple frequencies. The appearance of the
waveforms depends on the component frequencies, their
relative voltages and phase relationships, and, of course,
upon the frequency filters used. The waveforms are also
continuously fluctuating in response to stimuli and depend
on the state of the patient. Several descriptive terms may
be used in this context.

A transient is an isolated wave that stands out from the
background activity; if it has a sharply pointed peak and
the duration is less than 70 ms (less than 2 mm at the paper
speed of 30 mm/s) it is called a spike; when the duration is
between 70 to 200 ms, it is called a sharp wave. The term
complex is used when two or more waves occur together
and repeat at consistent intervals; examples are spike and
wave complexes and sharp and slow-wave complexes. An
activity is described as monomorphic when the morphol-
ogy of subsequent waveforms is similar whereas the term
polymorphic is used when they are of dissimilar morphol-
ogy. The description should also include the number of
phases. Thus, a wave may be monophasic (positive or
negative) or diphasic (positive and negative), triphasic or
polyphasic.
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Symmetry

In general, symmetry refers to the occurrence of approxi-
mately equal amplitude, frequency, and form of EEG
activities over homologous areas on opposite sides of the

head.

Synchrony

This term refers to the simultaneous appearance of mor-
phologically identical waveforms in areas on the same side
or opposite sides of the head.

Location

Several different terms are used. Focal or localized are
terms used when a particular activity is confined to one
particular region of the head. For example, an activity may
be localized to frontal, temporal, parietal, or occipital
areas. The term generalized is used when activity is not
limited to one region but occurs over a wide area. An
activity is said to be lateralized when it is present on one
side only.

Continuity

An activity may be described as continuous or intermittent,
depending on the percentage of time it is present. Thus, an
activity is called continuous when it occurs without inter-
ruption for prolonged periods of time and discontinuous or
intermittent when it appears only from time to time.

Reactivity

The term refers to alterations in the amplitude and wave-
form of activity in response to a stimulus. An example is the
attenuation of alpha activity on eye opening.

There are other terms that are used in various special
circumstances. These will be taken up in relevant chapters.

Describing the EEG

An adequate and accurate description of the EEG record
is important for several reasons. When a clinician would
like to compare the EEGs from different laboratories, or
when a recent EEG needs to be compared with the find-
ings of an old record that is no longer available, the written
description of the records is essential. It may be said that
if the description is good, the electroencephalographer
can picture the actual EEG record in his mind’s eyve. To
make the description as objective and as accurate as pos-

13. Introduction to EEG Reading

sible, it is important to break down the complex tracing in
terms of frequency, voltage, reactivity, synchrony, and
distribution.

The various activities occurring in different states of
consciousness, namely, wakefulness, drowsiness, and sleep,
should be described clearly. One may start with a descrip-
tion of the background activity, which often tends to be the
alpha rhythm in the awake subject. Mention should be
made about its frequency, amplitude, location, symmetry,
and reactivity to eye opening. Next, the features of other
rhythmic activities present should be described in similar
terms; for example, beta activity in the frontal or central
areas.

Intermittent activity should be described in similar
terms, including the location and synchrony. The presence
of various phenomena such as V (vertex) waves and sleep
spindles should be clearly described. If sharp waves,
spikes, or other intermittent activity is present, it should
be described in terms of location, polarity, and amplitude;
how the activity is affected by changes in state should also
be noted.

The effect of activation procedures such as hyperventila-
tion and photic stimulation should be described. In the
case of hyperventilation, the way in which this procedure
influences the background activity and whether it induces
other changes should be mentioned. For photic stimula-
tion, the reader should mention whether there is a driving
response and, if so, whether it is symmetrical and at what
frequency or frequencies it occurs. If there are any specific
responses like photoparoxysmal or photomyogenic
responses, they should all be called attention to in the
description.

Interpreting the EEG

The basic question to ask after completing a visual analysis
of the EEG is whether the findings are consistent with
the accepted norms for the age and state of the patient.
This means that the reader should have a thorough knowl-
edge of the normal variations of EEG patterns in relation
to age and state of the patient. Such a judgment is possible
only after the reader has seen numerous EEGs and has
formed an impression in his or her own mind about normal
patterns.

If the EEG is normal, the interpretation ends with a
statement to that effect. If an abnormality is present, the
next phase of interpretation involves categorization of the
abnormality in more specific terms. Categorization should
be precise. Some examples are: focal epileptiform abnor-
mality, generalized epileptiform abnormality, focal slow-
ing, generalized slowing, intermittent rhythmic delta
activity, polymorphic delta activity, asymmetric alpha
rhythm, asymmetric photic driving, asymmetry of sleep
spindles or vertex waves. If an abnormality is found to be
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localized, one needs to specify what area of the brain
underlies the abnormality.

The next step in the interpretation is to suggest what
kind of changes may be happening in the brain that could
account for, or be compatible with, the abnormal EEG pat-
tern. This entails a clear knowledge of the relationship
between the various EEG abnormalities and the various
disorders that affect the brain. One of the major problems
in this aspect of interpretation is that many different types
of disorders affecting the brain can give rise to the same
type of EEG abnormality so that very often only general
comments can be made. These comments may be like the
following: “This pattern is suggestive of a diffuse
encephalopathy,” or “the finding is compatible with a focal
structural lesion,” or “this finding is suggestive of a focal
seizure disorder,” or “the abnormality is compatible with a
seizure disorder of the generalized type” etc. Following the
technical interpretation, it is always useful to provide a
clinical correlation on the basis of the patient’s clinical his-
tory. Often it may be of value to say whether the EEG
abnormality seen is consistent with the clinical diagnosis.
Table 13.1 gives a brief synopsis of EEG reading.

More on Artifacts — Physiological
Artifacts

In general, four different varieties of artifacts are encoun-
tered in EEG work: environmental, instrumental, elec-
trode, and physiological. The EEG technician and the
physican reading EEGs both need to be familiar with all of
them. Needless to say, artifacts in the EEG should be
eliminated whenever possible or kept to a minimum. To
achieve this goal requires close collaboration between the
technician and the physician reading the EEGs.

Environmental, instrumental, and electrode artifacts
have been discussed in various earlier chapters, principally
the chapters on recording electrodes (Chapter 7) and
troubleshooting (Chapter 9). In this section we consider
the topic of physiological artifacts.

There are four major sources of physiological artifacts,
namely, the heart, the muscles of the head and neck, the
eyes, and the skin. The person reading the EEG must be
able to recognize these artifacts if they occur in the record-
ing. He or she needs to learn to “read through” the artifacts
whenever possible. In this respect, the reader acts like a
filter in much the same way as the frequency filters func-
tion on the EEG machine. We will take up each of these
artifacts in turn. Appendix 6 shows some EEG tracings
containing these artifacts.

ECG Artifacts

Because of their regularity and distinctive morphology,
ECG artifacts are the easiest to recognize in the EEG trac-
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Table 13.1. EEG Reading—A Synopsis

Steps in EEG Reading

Skill/Knowledge Required

Visually scan the EEG and
describe the waveforms in
terms of frequency, amplitude,
morphology, polarity, sym-
metry, synchrony, and reac-
tivity.

Determine whether the EEG
patterns are compatible with
normal patterns for the age
and state of the patient.

If the EEG is abnormal, deter-
mine the most likely cause
using the type of abnormality,
its distribution, and other
characteristics as a basis. Look
at the available clinical data
and decide whether the EEG

Familiarity with various EEG
waveforms, artifacts, altera-
tions in waveforms at different
filter settings, montages, sensi-
tivities and paper speeds.

Thorough knowledge of the nor-
mal features of the EEG in
various age groups and physio-
logic states; familiarity with
the variations that are
accepted to be within the nor-
mal range.

Knowledge of the various EEG
patterns that accompany
different neurological dis-
orders. Familiarity with the
diagnostic and prognostic sig-
nificances of various abnormal
patterns.

pattern is or is not consistent
with the suspected condition.

ings. Any uncertainty about whether or not an artifact is an
ECG is easily resolved by actually recording an ECG on
one channel along with the EEGs. This, of course, needs to
be done at the time that the routine EEG is taken. Obvi-
ously, a close, harmonious working relationship between
the EEG technician and the physician reading the EEGs is
essential in resolving such problems.

EMG Artifacts

These are the most common artifacts seen in EEG record-
ings. Muscle spikes originate mostly from the muscles of
the head: the frontalis muscle, the masseters, ster-
nomastoids, and temporal muscles are common sources.
Electromyographic artifacts are recognized mainly by
their distinctive morphology; the spikes themselves are
very sharp and of short duration. In this regard, however,
particular attention needs to be given to the settings of the
high-frequency filters on the EEG machine. Settings lower
than 70 Hz will result in the spikes being rounded off so
that they may easily be confused with brain electrical
activity in the beta band.

As is the case with ECG artifacts, the EEG technician
plays an essential role in the detection of EMG artifacts.
While taking the EEG, he/she closely observes the patient,
notes various movements, and records their occurrence
directly on the EEG record. These notations are especially
helpful in recognizing EMG artifacts when the tracings are
read and interpreted. Moreover, the technician’s efforts in
establishing rapport with the patient, and in helping him
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or her to relax, go a long way toward reducing many EMG
artifacts.

Eye-Movement Artifacts

Electrically, the eyes behave very much like batteries rotat-
ing in their sockets. This means that electrodes located in
the anterior regions of the head can very readily pick up
changes in voltage that are correlated with eye movements.
The artifacts are quite distinctive and are easily recognized
after some experience. To assist recognition, it is helpful in
the course of training to record samples of eye movements
—up, down, right, and left—using some of the common
montages. In this way, technician and reader alike can
become more familiar with the spatial distribution of these
artifacts.

If there is any question concerning whether or not
activity recorded in the EEG is due to eye movement, an
electrode should be attached to the patient’s cheek
directly below the eye. This electrode is connected to grid
1 of one channel; grid 2 of the same channel is connected
to the ipsilateral earlobe. The recording from this deriva-
tion is compared with the recording from an anteriorly
placed derivation in a longitudinal bipolar chain, eg.,
Fp,-F7 or Fp,-F8. Since the eye falls between these two
derivations, eye movements will appear in the two chan-
nels as out-of-phase deflections or mirror-image signals. If
the deflections in the two channels are in phase, they are
not eye movements but may be of cerebral origin.

Galvanic-Skin Artifacts

Like all living tissue, the skin is electrically active. Changes
in electrical activity of the skin are usually associated with
sweating, although some changes in voltage may be ob-
served between two points on the skin in response to stim-
ulation (the so-called Tarchanoff effect). Generally speak-
ing, changes in skin potential associated with sweating or
stimulation are very slow changes. They occur mostly at
the very low end of the delta frequency band, making them
easy to recognize in the EEG tracings. Sometimes these
artifacts can become quite large. When this happens, they
usually can be reduced considerably by adjusting the low-
frequency filters from the standard 1.0-Hz setting to the
5.0-Hz cutoff point.
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Writing the EEG Report

A major complaint sometimes made about the EEG report
by some referring physicians (other than neurologists) is
that it makes little sense and often does not help in the
diagnosis or management of their patients. To some, the
report may even seem misleading. For this reason it is
important that the report be constructed in two parts: one
part deals with the actual description of the EEG findings
and their interpretation; the other part contains a clinical
correlation that renders the report meaningful to the refer-
ring physician.

It is important to begin the report with a brief history
and the clinical findings to date (usually available from the
physician requesting the EEG and/or from the technolo-
gist’s worksheet). It is also helpful to mention what the
referring physician hopes to find out from the EEG, if it is
explicit. The next paragraph should provide descriptive
details regarding the testing situation. These should
include whether the test was done at the bedside or in the
intensive care unit and whether any modifications were
made in the electrode connections, as, for example, using
areduced array in a neonate. The use of special electrodes
like nasopharyngeal or sphenoidal leads should be noted
here. Also mention whether the patient was sleep
deprived, and whether any medication was given before or
during the test and, if so, what kind and how much.

Next comes the section that describes the EEG and the
state of the patient. This portion of the report should be
purely descriptive and should not contain any interpretive
statements such as normal or abnormal. Following this is
the paragraph setting forth the impression. Is the EEG
normal or abnormal, and if abnormal, what kind of abnor-
mality was seen?

The last paragraph should attempt to correlate the EEG
findings with the clinical picture. Thus, for example, in the
case of a seizure disorder in which the EEG is normal, it
should be mentioned that the EEG does not support the
diagnosis of seizure disorder. But it also may be pointed out
that a normal EEG does not necessarily rule out a seizure
disorder. In this context, one may suggest further studies
such as a sleep-deprived EEG or a repeat EEG using
special electrodes. If the EEG in a patient suspected of
having a metabolic encephalopathy shows diffuse slowing
or frontal intermittent rhythmic delta activity (FIRDA),
one may state that this finding is consistent with the clini-
cal diagnosis.



Chapter 14
The Normal EEG

Since the late 1920s when Hans Berger first recorded the
EEG in humans, an enormous amount of knowledge con-
cerning the normal EEG has been accumulated. During
these years, the EEGs of normal persons have been
recorded in numerous situations and under a wide variety
of conditions. Tracings have been taken during perfor-
mance of a virtually endless list of different tasks and
activities, as well as during different states of conscious-
ness, from persons over the entire life span. Much of the
data concerning the normal EEG need not concern us
here. Thus, the clinical application of EEG is concerned
mainly with the features of the tracing as they are seen in
wakefulness under resting conditions!' and in sleep. The
EEG during specific, clinically significant activation
procedures is discussed in Chapter 16.

We begin this chapter with a consideration of the major
features of the EEG seen during resting wakefulness. After
this, the normal EEG in sleep is taken up. As there are age-
related differences present in some features of the normal
EEG, separate sections dealing with the normal EEG dur-
ing maturation and in old age are also included. The reader
should understand that a thorough and comprehensive
coverage of these topics would require an entire text. For
this reason this chapter should be recognized as strictly an
elementary introduction to the normal EEG.

Features of the Awake EEG in Adults

The most prominent feature of the normal waking EEG is
the posterior dominant rhythm. It was the feature of brain

'The resting condition also stipulates that the person has not
been fasting and that he/she has not consumed stimulants like
coffee, tea, or soft drinks before the time the EEG is taken. It is
the responsibility of the technician to inform the patient of this at
the time the appointment is made for the EEG.

electrical activity that was first described in 1929 by
Berger, who named it alpha.

Alpha Rhythm

This is 8- to 13-Hz rhythmic activity that occurs most
prominently in the posterior regions and is a conspicuous
feature of the EEG in the awake, relaxed adult. In some
persons it is so rhythmic —and the waves are so regular—
that it looks like the output of a sine wave generator. The
alpha rhythm of most adults ranges between 9.5 to 10.5
Hz. In the main, amplitudes are 50 pV or less, and ampli-
tude tends to wax and wane over periods of one to several
seconds.

As will be apparent from Fig. 14.1, which is an EEG of
an awake, resting adult, the alpha rhythm is best seen when
the person’s eyes are closed. Opening the eyes results in an
attenuation of the alpha rhythm. Reactivity to eye opening
is typically used as evidence that the activity is indeed the
alpha or posterior dominant rhythm. Mental effort or
focusing one’s attention can also attenuate the alpha
rhythm. An EEG tracing may contain 8- to 13-Hz activity
that does not attenuate with eye opening. Although such
activity is classified as “alpha” by virtue of its frequency, it
is not alpha rhythm and should be distinguished from it.

Occasionally, an increase in amplitude and abundance
of alpha activity occurs with attention or eve opening
instead of a decrease. This reversal is referred to as a “para-
doxical effect” or “paradoxical alpha” It is seen mostly with
eye opening in response to stimulation following a brief
period of drowsiness (see Fig. 14.2).

The alpha rhythm is commonly of somewhat higher
amplitude on the right than the left side. By contrast, fre-
quency normally differs by less than 1 Hz between the two
sides. In a small minority of normal individuals (less than
10%), no alpha rhythm is perceptible using conventional
recording methods. The significance of this is unknown.
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Figure 14.1. Alpha rhythm in an awake, relaxed, and resting artifacts associated with eye opening and closing. Frequency of
voung adult. The eyes are closed at the start of the tracing, are the alpha rhythm is approximately 11 Hz; little variation is seen
opened on command at OE, and closed again at CE. Note that  from second to second. Filters: low frequency = 1 Hz, high fre-
the alpha rhythm is posteriorly dominant; it is markedly attenu-  quency = 70 Hz. Calibrations: horizontal = 1 second, vertical =
ated during eye opening but quickly returns to its original level 50 pV.

once the eyes are closed. Note also the muscle and movement
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associated with eye opening in response to a noise in the labora-
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Figure 14.3. Alpha rhythm in widespread distribution as seen in
a referential montage using an average potential reference. The
person’s eyes were closed. The tracing shows persistent, rhythmic
activity at 10 to 10.5 Hz that appears to be present even in the
anterior regions. This peculiar distribution of the alpha rhythm is
spurious. It is due to contamination of the average reference,

Occasionally, the alpha rhythm occurs in widespread
distribution, extending to the central and temporal
regions. When this happens and an average potential
reference is being used, it is important to recognize that
the reference, which is common to all channels, may
become significantly contaminated with alpha activity.
The result is a record that gives a false impression con-
cerning the distribution of the activity. Indeed, the record
may show an alpha rhythm in all derivations, even in the

which is apparent from the fact that the waveforms in the anterior
leads are 180° out of phase with respect to the waveforms in the
posterior regions. Arrows point to some of these waves. This
should not be confused with alpha coma (see Chapter 15).
Filters: low frequency = 1 Hz, high frequency = 70 Hz. Calibra-
tions: horizontal = 1 second, vertical = 50 pV.

anterior regions of the head. Such is illustrated in Fig.
14.3. Note, particularly, that the alpha activity appearing
in the anterior regions is of opposite phase to that in the
posterior areas. This readily identifies it as spurious and
resulting from contamination of the average reference.
The lesson gained is a general rule that the EEG tech-
nician should know and follow: avoid the average reference
when a feature of the EEG is widespread in distribution
and of high amplitude.
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Figure 14.4. Slow alpha variant rhythm at 6 Hz. The person’s eyes
closed at the first vertical arrow and opened again at the second.
A mixture of 6-Hz and 12-Hz rhythmic activity is seen in the
posterior region on either side at “a” Rhythmic activity at “b” is

Alpha Variant

In some persons the posterior dominant rhythm shows
some interesting variations. These features of the waking
EEG, which are termed alpha variants, consist of rhythmic
activity like the alpha rhythm but of frequencies that are
faster or slower. They occur mostly when the person’s eyes
are closed. Slow alpha variant rhythms range between 3.5
and 6 Hz, and generally alternate or are intermixed with
the ordinary alpha rhythm. Often, the frequency of the
slow variant is harmonically related to the frequency of the

the 6-Hz alpha variant alone; it disappears with eye opening and
the commencement of photic stimulation at 24 flashes per
second. Filters: low frequency = 1 Hz, high frequency = 70 Hz.
Calibrations: horizontal = 1 second, vertical = 50 puV.

alpha rhythm present. Fast alpha variant rhythms have a
frequency range of 14 to 20 Hz; as in the case of the slow
variants, the fast activity alternates or is intermixed with
the ordinary alpha rhythm.

Alpha variant rhythms react to stimulation in the
same way as the ordinary alpha rhythm. Thus, they are
attenuated or blocked by eye opening and by mental
effort. Figure 14.4 shows an alpha variant at 6 Hz that
is intermixed, at times, with an alpha rhythm of 12 Hz.
The significance of alpha variant rhythms, if any, is un-
known.
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Figure 14.5. A mu rhythm at about 11 Hz. Between the arrows at
“a,” the mu activity is present almost solely in the centroparietal
region on the right side. At “b” it occurs on both sides but is asym-
metrical, being of somewhat higher amplitude and more persis-

Mu Rhythm

Although the mu rhythm resembles the alpha rhythm in
both frequency and amplitude, the similarity ends there.
Ranging in frequency from 7 to 11 Hz, the mu rhythm is
composed of arch-like or comb-shaped waves that occur
over the central or centroparietal regions of the head on
either side. The activity may be bilaterally symmetrical
and synchronous, or asymmetrical and asynchronous, as

tent on the right. The eyes were closed throughout the recording.
Filters: low frequency = 1 Hz, high frequency = 70 Hz. Calibra-
tions: horizontal = 1 second, vertical = 50 uV.

seen in Fig. 14.5. Because the mu and alpha rhythms fre-
quently occur at the same time in a tracing, the two may be
confused. As shown in Fig. 14.6, however, they are easily
separated. Thus, whereas the alpha rhythm is attenuated
by eye opening, the mu rhythm is unchanged by this
maneuver. The fact that the two rhythms are independent
of each other is further documented in Fig. 14.7, where an
alpha rhythm is observed both in the absence and
presence of mu activity.
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Figure 14.6. Mu rhythm during attenuation of the alpha rhythm  ated, but the mu rhythm is conspicuously present on the right
in response to eye opening. The eyes were opened at the first side (open arrows). Note the sharp, comb-like character of these
solid arrow from the left, and closed again at the second solid ~ waves. Filters: low frequency = 1 Hz, high frequency = 70 Hz.
arrow. During eye closure the alpha rhythm was greatly attenu- Calibrations: horizontal = 1 second, vertical = 50 pV.
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activity, which is seen on both sides but occurs more frequently

Figure 14.8. Blocking of the mu rhythm resulting from muscular
contraction on the contralateral side. The tracing shows a very
marked reduction in amplitude of the mu rhythm in the left cen-
tral region in response to the subject clenching the right fist
beginning at the arrows. This is a normal response. The slow

Although mu rhythms are not reactive to eye opening,
they are responsive to activity of the motor system. Move-
ment of the extremities or muscle contraction, such as
clenching the fist, on one side of the body results in the

and is of considerably greater amplitude on the right, is not nor-
mal. Filters: low frequency = 1 Hz, high frequency = 70 Hz.
Calibrations: horizontal = 1 second, vertical = 50 pV.

attenuation or blocking of a mu rhythm present on the con-
tralateral side. Figure 14.8 shows how a prominent left-
sided mu rhythm is blocked by having the person clench
the right fist.
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Figure 14.9. Beta activity with eyes open and then closed starting
at “x” Arrows point to low amplitude (less than 20 uV) beta
activity at about 22 to 24 Hz. Note that with the eves opened, the
beta activity is present in most derivations, being visible in the
posterior regions as well an anteriorly. However, when the eves

Beta Activity

Although activity with frequencies higher than 13 Hz is
common in the waking EEG of adults (and children as
well), amplitudes are normally only 20 nV or less in more
than 90% of the cases. For this reason, beta activity, which
usually consists of frequencies greater than 13 Hz and up
to 35 Hz, is not a prominent feature of the waking EEG.

are closed, the alpha rhythm masks the beta activity so that beta
is best seen in tracings from the anterior regions. Filters: low fre-
quency = 1 Hz, high frequency = 70 Hz. Calibrations: horizon-
tal = 1 second, vertical = 50 pV.

Although beta activity is best seen in tracings from the
anterior regions, it is commonly present in the posterior
regions as well, albeit masked by the alpha rhythm.
Because of this, it is easier to appreciate the distribution of
beta activity when the person’s eyes are opened. Figure
14.9 shows beta activity in a tracing with the eves open
and closed.

The frequency of beta activity should be the same on
both sides. Amplitude, however, may display an asymmetry,
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Figure 14.10. The effect of high-frequency filtering on muscle
artifacts. Prominent muscle spikes were recorded in the anterior
leads with the high-frequency filter at the standard 70-Hz setting.
Switching to the 15-Hz setting removed the spikes, but traces of

with minor asymmetries being attributable to differences
in skull thickness on the two sides. Consistent, major dif-
ferences in amplitude between the two sides — differences
in excess of 35% —are considered to be abnormal.

When examining a tracing for evidences of beta activity,
the electroencephalographer needs to be especially aware
of the high-frequency filtering that was used in taking the
EEG. The reason for this will be apparent from a perusal
of Fig. 14.10. As noted elsewhere in the text, the recom-
mended high-frequency-filter setting for routine EEG
work is 70 Hz. Occasionally, however, muscle artifacts may
be so numerous and persistent that the technician’s only
recourse is to drop the setting to 35 Hz or, rarely, even to

194%

low-amplitude fast activity were left. This activity looks like beta
(open arrows), but is really muscle activity with the spikes
rounded off by filtering. Calibrations: horizontal = 1 second, ver-
tical = 50 uV.

15 Hz. When this is done, any muscle spikes that remain in
the recording will show a rather marked change in charac-
ter. Figure 14.10, in which the filter setting was abruptly
changed from 70 to 15 Hz, illustrates this. Note that with
the filter set at 15 Hz, the sharply pointed muscle spikes
are no longer seen. Instead, there is rhythmic, 20- to 30-Hz
activity present in the anterior leads that looks a great deal
like beta activity. In reality, however, this activity consists
of low-amplitude muscle spikes that have been rounded off
by the action of the filtering. To avoid mistaking filtered
muscle spikes for beta activity, it is essential to keep a close
watch on the high-frequency-filter settings used in taking
the EEG.
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Figure 14.11. Lambda waves. The subject’s eyes were closed and
the tracing shows a prominent alpha rhythm at 8 to 9 Hz, which
is blocked when the eyes were opened at the vertical arrows. The
eyes remained open throughout the rest of the record. Curved

Theta Activity

This includes activity having frequencies of 4 Hz to less
than 8 Hz. Although a small amount of 6- to 7-Hz random
activity is present in the background of the waking EEG of
most young adults, theta activity in any but trace amounts
is not considered to be normal. As theta activity is a normal
accompaniment of drowsiness, it is important to avoid mis-
taking theta activity of drowsiness for waking theta activity.
In this regard, the technician’s observations and notations
concerning the subject’s behavior while the EEG was
taken are important in helping to make the distinction;
they are essential in cases where the posterior dominant
rhythm is absent or not readily discernible in the tracing.

arrows point to lambda waves. Filters: low frequency = 1 Hz,
high frequency = 70 Hz. Calibrations: horizontal = 1 second,
vertical = 50 pV.

Theta activity of drowsiness is discussed and illustrated in
the next major section of the present chapter.

Lambda Waves

These are sharp transients that occur in the occipital
regions when the eyes are open and the person is engaged
in visual exploration. Durations of the transients vary con-
siderably and are reported to range from 100 to 250 ms;
amplitudes are usually under 100 pV. Lambda waves are
predominantly positive at the occipital electrodes with
respect to other areas. They may be fairly symmetrical on
the two sides, as in Fig. 14.11, or quite asymmetrical; or
they may be present only on one side.
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Figure 14.12. Rhythmic theta and delta activity during drowsi-
ness. The slow activity (open arrows) is mainly in the central
regions. The episode of drowsiness is followed after about 10
seconds by partial awakening during which time the alpha

Lambda waves should not be confused with positive
occipital sharp transients of sleep (POSTS), which occur
during sleep, nor mistakenly interpreted as a focus of
abnormal activity. Lambda is easily distinguished from
these other EEG features by the fact that the waves
promptly disappear when the eyes are closed. This, again,
highlights how important it is for the EEG technician to be
a careful observer; for if he/she should fail to note that the
activity occurred only with the eyes open, the interpreta-
tion could become uncertain.

Features of the EEG During Drowsiness
and Sleep in Adults

The transition from the awake to the drowsy state, or stage I
sleep, is marked by some profound changes in the back-

Ay e A AN A~

rhythm appears. Note the low-amplitude ECG artifacts. Filters:
low frequency = 1 Hz, high frequency = 70 Hz. Calibrations:
horizontal = 1 second, vertical = 50 uV.

ground activity of the EEG. The transition may be grad-
ual or it may be very abrupt. The most prominent change
is the disappearance of the posterior dominant (alpha)
rhythm. In some persons this is preceded first by a per-
ceptible slowing in the frequency of alpha. With the alpha
rhythm gone, the background becomes dominated by
theta activity, which occurs in generalized distribution
but is commonly most prominent in central or fronto-
central regions. The theta activity varies in amplitude
from 10 to about 50 uV; it may be rhythmic as in Fig.
14.12, or semirhythmic and/or irregular as in Fig. 14.13.
At times, some slower activity may also be intermixed. It is
not unusual for periods of drowsiness to alternate back
and forth with periods of wakefulness, at which time
the alpha rhythm returns. Two such cycles are seen in
Fig. 14.13.
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Figure 14.13. Tracing showing rapid shifts between an awake and  activity is present. There is a return to wakefulness that lasts
a drowsy EEG. The record begins with an alpha rhythm at about 2 seconds before the tracings again revert back to drowsi-
approximately 11 Hz, which abruptly disappears after about 2.5  ness. Filters: low frequency = 1 Hz, high frequency = 70 Hz.
seconds. A 7-second interval of drowsiness follows during which  Calibrations: horizontal = 1 second, vertical = 50 pV.

time 15- to 35-uV theta (arrows on left) and delta (arrows on right)
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where it sometimes has an amplitude of 40 uV. Filters: low fre-
quency = 1 Hz, high frequency = 70 Hz. Calibrations: horizon-
tal = 1 second, vertical = 50 pV.

Figure 14.14. Diffuse beta activity during drowsiness following
administration of chloral hydrate to promote sleep. The 20- to
24-Hz rhythmic activity is most prominent in the frontal regions

test, beta activity may become widespread and quite
prominent, sometimes attaining amplitudes in excess of 50

Another change in the background activity that occurs
in the transition from the awake to the drowsy state con-

cerns the beta activity. Beta activity in the range of 18 to 25
Hz usually, but not always, increases in amplitude with
drowsiness; this has been termed subvigil beta. At times, the
beta activity appears in bursts of short duration; these are
referred to as beta spindles (see Fig. 14.15). When chloral
hydrate is administered to promote sleep during the EEG

uV. Figure 14.14 shows diffuse, persistent beta activity dur-
ing drowsiness following administration of chloral hydrate.

As a person goes from the drowsy state, or stage I sleep,
into stage Il sleep, we find that the EEG displays a number
of distinctive, easily recognized features. These are taken
up in turn.
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Figure 14.15. Early stage 11 sleep showing the initial appearance
of V waves. In the first 2 seconds, the tracing shows central and
frontocentral theta activity that is characteristic of drowsiness.
Directly thereafter an incompletely formed V wave (marked by
the triangle) is seen. About 8 seconds later, a typical V wave
occurs (horizontal arrow), closely followed by several other V

Vertex Waves

Also referred to as V waves or vertex sharp transients, this
feature of the EEG is most prominent in stage II sleep. The
waves are aptly named, as their focus lies at Cz, the vertex.
When the waves are of large amplitude — 100 uV and larger
is not uncommon —they also are picked up in the C3 and
C4 electrodes. Their fields frequently spread to the fron-
tocentral regions and sometimes even extend to the parie-
tal areas. V waves usually are diphasic, but occasionally
may be triphasic as well; the initial deflection is negative,
and this is followed by a lower-amplitude, positive phase.

AL A A A AA AN i NN i P e NI Rt e PN A B 1 P AN N A P A\ et A

waves. Note the phase reversal in channels 9 and 10, which indi-
cates that the focus of the wave is at Cz. The diagonal arrow
points to one of several beta spindles present in the tracing.
Filters: low frequency = 1 Hz, high frequency = 70 Hz. Calibra-
tions: horizontal = 1 second, vertical = 50 pV.

Figure 14.15 shows the emergence of V waves in the early
phase of stage II sleep.

V waves are bilaterally synchronous and essentially sym-
metrical on the two sides, although some shifting asym-
metries are not uncommon. Thus, the amplitude may be
somewhat higher on one side at one time, and then higher
on the other side at another time. The waves can assume a
variety of different forms, as will be seen in Fig. 14.16.
Sometimes they appear as sharp waves, and at other times
they fit the definition of spikes. The particular morphology
has no clinical significance. As mentioned later in this sec-
tion, a V wave may be followed by a sleep spindle.
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Figure 14.16. Three different forms of V waves. At the left, the
thick arrow indicates a diphasic sharp wave of moderate ampli-
tude; in the center, a high-amplitude diphasic sharp wave is
shown; at the right, the thin arrow points to a high amplitude
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triphasic wave, the initial negative deflection of which fits the
definition of a spike. Filters: low frequency = 1 Hz, high fre-
quency = 70 Hz. Calibrations: horizontal = 1 second, vertical =
50 uV.
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Figure 14.17. Stage II sleep showing an F wave (opposing arrows)
and several V waves (single arrows). Note that the focus of the F
wave is in the frontal region at the midline, while the V waves

F Waves or Frontal Waves

Occasionally, a sharp transient not unlike a V wave appears
in the frontal regions at the midline without a correspond-
ing wave present at the vertex (Fig. 14.17). Such transients
are sometimes referred to as F waves. Their amplitude is
usually less than 100 pV. V waves and F waves have the
same significance; they are normal features of the EEG
during stage 11 sleep.

K Complex

This is yet another feature of stage II sleep that is sim-

have their focus at Cz. Filters: low frequency = 1 Hz, high fre-
quency = 70 Hz. Calibrations: horizontal = 1 second, vertical =
100 pV.

ilar to the V wave. The K complex is a slow-wave trans-
ient, it is commonly diphasic, and amplitude is gener-
ally a maximum at the vertex. This is a large-ampli-
tude wave, with amplitudes running as high as several
hundred microvolts. A sleep spindle (see below) may
immediately follow or be associated with the K com-
plex. As seen in Fig. 14.18, a K complex may last for
nearly a second; but at times, the duration can be some-
what longer. K complexes can occur apparently spon-
taneously. They also can occur in response to sudden
sensory stimulation such as an unexpected, loud noise in
the EEG laboratory.
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Figure 14.18. Stage 11 sleep showing a K complex between the  ous POSTS also seen in the tracing. Filters: low frequency = 1
solid arrows. Amplitude of the wave appears to be larger in the  Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
frontal than in the central region; duration is markedly longer  second, vertical = 50 uV.

than a typical V wave. Open arrows point to some of the numer-
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Figure 14.19. Stage II sleep in which a sleep spindle (vertical
closed arrow), a V wave (horizontal arrow), and POSTS (vertical
open arrow points to one of the POSTS) are all present in the
same recording. The sleep spindle has a frequency of about 14
Hz and an amplitude of approximately 50 uV. Note that a sleep

Sleep Spindles

These are bursts of very rhythmic activity at 11 to 15 Hz
that are seen in stage II and in the early phase of stage III
sleep. Duration and amplitude are both variable; ampli-
tude is generally less than 50 pV but occasionally may
exceed 100 pV. Sleep spindles generally occur in
widespread distribution. Commonly, they are of higher

spindle also accompanies the V wave. The sleep spindles are
widely distributed, but appear to be of higher amplitude in the
frontocentral regions. Filters: low frequency = 1 Hz, high fre-
quency = 70 Hz. Calibrations: horizontal = 1 second, vertical =
50 uV.

amplitude in the central regions, as is seen in Fig. 14.19,
but sometimes an anterior dominance is noted instead
(Fig. 14.20). Sleep spindles in adults should be bilaterally
synchronous and essentially symmetrical. However, it is
not unusual to observe some shifting asymmetries in
which amplitude is alternately somewhat higher on one
side, and then higher on the other during the course of the
recording. Sleep spindles are sometimes preceded by a V
wave, as may be observed in Fig. 14.20.
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Figure 14.20. Sleep spindles and V waves in stage II sleep. The  wave that is directly followed by a sleep spindle. Filters: low fre-
sleep spindles in the tracing appear to have their highest ampli-  quency = 1 Hz, high frequency = 70 Hz. Calibrations: horizon-
tudes in the frontal region (thick arrows), sometimes attaining tal = 1 second, vertical = 50 uV.

amplitudes greater than 100 pV. The thin arrow points to a V
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Figure 14.21. Stage II sleep showing POSTS, a number of which
are indicated by the arrows. These sharp transients commonly
occur in runs as seen in the figure. The phase reversals apparent
in the bottom three channels indicate that the POSTS are posi-

POSTS

This very descriptive acronym stands for positive occipital
sharp transients of sleep. These transients, which do look
somewhat like the posts of a fence, are seen in stage II
sleep. They occur over the occipital regions on either side,
being positive relative to other areas. POSTS occur singly
or, more commonly, in runs; sometimes as many as four or
five may be seen in a single second. Figure 14.21 is typical
of their appearance. Whereas amplitudes are usually 50
1V or less, POSTS may attain amplitudes in excess of 100
1V, as seen in Fig. 14.22. Note in this figure that the
POSTS are very sharp indeed and in some instances would
fit the definition of a spike. For this reason it is important
that they not be mistaken for a focus of abnormal activity.

POSTS are often bilaterally synchronous. At the same
time they are commonly asymmetrical on the two sides.

tive relative to the voltages at other areas. Filters: low frequency
= 1 Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 50 pV.

Amplitude differences as large as 60% may be seen and
are considered to be normal. This, also, can sometimes
make their distinction from a focus of abnormal, sharp-
wave activity difficult.

The EEG in Deeper Stages of Sleep

In a routine clinical EEG, the sleep recording is normally
limited to tracings of stages I and II sleep only. When
deeper stages of sleep are observed, the person is usually
aroused. In most cases, recordings from the deeper stages
of sleep are of little diagnostic value. Nevertheless, it is use-
ful in a general text to mention briefly the other stages of
sleep so that the reader will be able to recognize them and
distinguish them from stages I and II. The term slow-wave
sleep is used to denote stages III and IV.
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Figure 14.22. Stage 11 sleep in which numerous, high-amplitude  sleep spindles, another feature of stage 11 sleep. The channel at
POSTS are present. A number of these sharp transients are indi-  the bottom shows the ECG. Filters: low frequency = 1 Hz, high
cated by arrowheads. Note that some of the POSTS are very frequency = 70 Hz. Calibrations: horizontal = 1 second, vertical
sharp, indeed, and look like spikes. The double arrows point to = 50 pV.
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Figure 14.23. Stage 111 sleep. The solid arrows point to some of
the rhythmic delta waves, which in stage III sleep constitute
more than 20% of the record. Open arrows indicate sleep spin-

Stage 111

This stage is characterized by a background that consists of
irregular and semirhythmic theta activity mixed with
mostly rhythmic delta activity, i.e., activity of frequencies
less than 4 Hz. The delta activity, which is the hallmark of

dles. The channel at the bottom shows an ECG. Filters: low fre-
quency = 1 Hz, high frequency = 70 Hz. Calibrations: horizon-
tal = 1 second, vertical = 100 pV.

the deeper stages of sleep, has amplitudes in excess of 100
1V. In stage III sleep, delta activity comprises more than
20% of the record. Occasionally, a few sleep spindles are
mixed in with this activity. These tend to disappear as the
amount of time spent in stage III sleep increases. Figure
14.23 shows a segment of stage III sleep.
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Figure 14.24. Stage 1V sleep. The arrows point to rhythmic, high  excess of 300 pV. Filters: low frequency = 1 Hz, high frequency
amplitude delta waves, which in stage IV sleep constitute more = 70 Hz. Calibrations: horizontal = 1 second, vertical = 150
than 50% of the record. Some of the waves have amplitudes in ~ uV.

Stage 1V activity, which may show amplitudes of 300 uV or greater,

comprises more than 50% of the recording during stage IV
This is a deeper stage of sleep. The EEG consists of high- sleep. Sleep spindles disappear during this stage. Figure
amplitude, rhythmic theta and delta activity. The delta 14.24 is a short recording of stage IV sleep.
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Figure 14.25. The EEG in REM sleep. The tracing includes
recordings of vertical (channel 1) and horizontal (channel 2) eye
movements and muscle activity from the chin (channel 3). The
frontal pole to frontal derivations on both sides (Fp,-F4 and
Fp,-F3) show a cluster of saw tooth waves (underlined) that initi-
ate an episode of REMs seen in channels 1 and 2. Note the

REM Sleep

The EEG during rapid eye movement (REM) sleep is strik-
ingly different from the tracings seen in the other stages of
sleep. The background is paradoxically similar to that
observed during wakefulness with the eyes open. Figure
14.25 shows a segment of recording obtained while the
subject was in REM sleep. It documents the presence of
REMs that are the distinguishing feature of this interesting
stage of sleep. Such recordings are of special importance in
polysomnography, particularly for the diagnosis of condi-
tions like narcolepsy. The interested reader should consult
the specialized texts that are available as well as the period-
ical literature for more information about REM sleep and
its clinical significance.

Age-Related Differences: The EEG in
Relation to Maturation

It is impossible in an elementary, general text of this kind
to cover the wide range of differences that the EEG dis-
plays during the course of growth and development. Partic-
ularly extensive are the differences evident in the first days,

absence of chin muscle activity in channel 3. The EEG consists
mostly of low-amplitude beta activity in diffuse distribution. Note
the compressed time scale. (Reprinted from Matsuo F, Gaskin JA:
Unexpected REM sleep episodes in standard EEG laboratory
recording. Am ] EEG Technol 1986; 26:33-40, by permission of
authors and publisher.)

weeks, and months of life. From the standpoint of technol-
ogy, special montages are needed in taking a neonate’s
EEG. In dealing with the EEG in neonates and young
infants, therefore, the reader should consult the special-
ized texts that are available for guidance in these matters.
Nevertheless, in the routine practice of clinical electro-
encephalography, children often need to be tested. This
section, therefore, is meant to serve as an introduction to
the EEG in children. The material, however, is limited to a
sampling of the major differences that are seen between
the EEGs of children and adults.

Waking Activity

The most striking difference that meets the eye in EEGs
from awake children is the character of the posterior dom-
inant rhythm. Generally speaking, the posterior dominant
rhythm is slower and of higher amplitude in children than
in adults. Insofar as frequency is concerned, the posterior
dominant rhythm in many young children does not even
qualify as an alpha rhythm. Thus, frequency may be less
than the 8-Hz lower limit that defines the alpha rhythm.
This will be apparent from a glance of Fig. 14.26, where
the posterior dominant rhythm is only 6 to 7 Hz in the
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Figure 14.26. Changes in frequency of the posterior dominant
rhythm with age during growth and development. Subjects’ eyes
were closed. Note that between the ages of 4 and 13 years, fre-
quency increases by about 5 Hz. Note also the higher amplitude

4-year-old child. In younger children, it is even slower (Fig.
14.30). Nevertheless, such activity is, indeed, the posterior
dominant rhythm as it occurs most prominently in the
posterior regions and attenuates with eye opening.

The tracing from the 10-year-old child in Fig. 14.26
shows a posterior dominant rhythm of 8 to 9 Hz. The fre-
quency of the waves in this child’s tracing satisfies the defi-
nition of alpha. Note in the case of the 13-year-old child,
the posterior dominant rhythm has reached 11 Hz. In
other words, age and the frequency of this feature of the
EEQG are directly related. But at what age should a child’s

10yrs 8-9Hz |

T T

13yrs  11Hz |

of the waves in the 4-vear-old child. Filters: low frequency = 1
Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 50 pV.

posterior dominant rhythm fit the definition of alpha
rhythm? At what age should it have a frequency of at least
8 Hz? Unfortunately, the question cannot be answered
with absolute certainty because the posterior dominant
rhythm shows a great deal of variability in normal chil-
dren. However, a convenient rule of thumb is that it should
be at least 8 Hz by 8 years of age. This conservative rule
is based on the finding that more than 95% of normal
8-year-old children have a posterior dominant rhythm of
8 Hz or more.
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Figure 14.27. Posterior slow waves of youth in a 10-year-old child.
The subject’s eyes were closed. Arrowheads mark some of the
more prominent waves that are seen to fuse with the posterior

Tracings taken from the posterior derivations show
other differences in normal children. The most notable
are the slow transients that have been termed posterior
slow waves of youth. They are recorded with the person’s
eyes closed. Figure 14.27 illustrates these interesting
waves, which are shaped like the sails of a schooner. Note
that these waves are fused with the waves of the posterior
dominant rhythm with which they are intermixed; their
amplitude is similar to the amplitude of the alpha rhythm.
Although Fig. 14.27 shows them to be present only in the
occipital region, at times they also are seen in the post-
temporal and parietal regions.

Posterior slow waves of youth occur most commonly in
the EEGs of children 8 to 14 years of age. They may be
present in younger children and in older adolescents, but
they are rare in normal adults over 21 years of age.
Although these waves are frequently bilaterally synchron-
ous and symmetrical, they may be asynchronous and/or

T

dominant rhythm of about 10.5 Hz. Filters: low frequency = 1
Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 50 uV.

asymmetrical as well. Posterior slow waves of youth attenu-
ate or block with eye opening and disappear during drowsi-
ness, along with the alpha rhythm. They frequently are
accentuated and/or become more numerous during hyper-
ventilation.

Although only traces of theta activity are seen in the
waking EEGs of normal young adults, frontocentral and
central theta activity is quite common in normal children.
Figure 14.28 shows evidence of significant amounts of
frontocentral theta activity in a normal 5 year old. At times,
paroxysmal bursts of rhythmic theta activity—mostly in
frontal and frontocentral regions—are also seen in chil-
dren. Such activity, which may have amplitudes in excess
of 100 pV, should not be confused with similar activity —
termed hypnagogic hypersynchrony—that occurs during
drowsiness. The significance of the high-amplitude, rhyth-
mic theta activity sometimes present in wakefulness is
unknown; however, it is not considered to be abnormal.
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Figure 14.28. Frontocentral theta activity (solid arrows) in a
5-year-old child. The subject’s eyes were closed. The tracing also
contains a number of posterior slow waves of youth, some of
which are marked by open arrows. The posterior dominant
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rhythm is variable and has a range of about 7.5 to 10 Hz. Such
variability is not uncommon in children. Filters: low frequency =
1 Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 100 pV.
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Figure 14.29. Hypnagogic hypersynchrony in a 4-year-old child.
The arrows indicate three bursts of paroxysmal, high-amplitude
rhythmic activity at about 4 Hz. The subject’s eyes were closed

Activity During Drowsiness and Sleep

Although drowsiness in normal children, like drowsiness
in adults, is often signaled by an overall reduction in
amplitude of the background, the EEG in the majority of
infants 3 to 11 months old and a significant percentage
of children 1 to 6 years of age displays a unique, high-
amplitude phenomenon during drowsiness. This phe-
nomenon is known as hypnagogic hypersynchrony. It con-
sists of paroxysmal, high-amplitude bursts of slow (3 to
6 Hz), very rhythmic activity. Having amplitudes some-
times in excess of 300 pV, this activity may occur in

. j"'/v\Jw/.\\'« NS T

Y\t S A/ ‘«f‘fﬂ \;

il
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throughout. This is a normal finding. Filters: low frequency = 1
Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 100 pV.

widespread distribution but is more commonly centrally
or frontocentrally dominant (see Fig. 14.29). When inter-
mixed with fast activity that may be present at the same
time, these paroxysmal bursts may falsely give the impres-
sion of spike and wave discharges. Despite their ominous
appearance, these waves are a normal feature of the EEG
in childhood.

As already mentioned, hypnagogic hypersynchrony can
occur in the very young. Figure 14.30 shows hypnagogic
hypersynchrony alternating with a wakeful pattern in a
14-month-old baby. The phenomenon is a normal feature
up to age 15 years, but is rarely seen after 11 years.
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Figure 14.30. Alternating wakeful and drowsy states in a
14-month-old child. The child’s eves were closed throughout the
recording. At the left, a posterior dominant rhythm of about 4 to
4.5 Hz (underlined and marked by arrows) is present. This is
replaced by a burst of generalized, high-amplitude, somewhat
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slower activity (hypnagogic hypersynchrony). Following the brief
drowsy episode, the posterior dominant rhythm returns (under-

lined and marked by arrows). Filters: low frequency = 1 Hz, high
frequency = 70 Hz. Calibrations: horizontal = 1 second, vertical
= 50 pV.
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Figure 14.31. Asynchronous sleep spindles in a 1-year-old child.
The arrows at “a” mark sleep spindles on left and right sides that
are asynchronous. At “b” the spindles are partly synchronous. The
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several POSTS that are also features of stage 11 sleep. Filters: low
frequency = 1 Hz, high frequency = 70 Hz. Calibrations:
horizontal = 1 second, vertical = 100 pV.

arrows at “c” point to vertex waves, and the arrowheads note

The principal features of stage II sleep taken up earlier
in our discussion of the adult EEG are generally applicable
to children as well. Some of these features emerge and
acquire adult characteristics very early in life; others
acquire adult characteristics somewhat later. The sleep
spindle is an example of the latter. Thus, sleep spindles,
which first appear at 6 to 8 weeks postterm, are bilaterally
asynchronous and continue to show some asynchrony dur-
ing the first year of life (Fig. 14.31). Some degree of asyn-
chrony may continue and is not considered to be abnormal
until age 2 to 2.5 years. Details concerning the other EEG

features of sleep in young children may be found by con-
sulting the more advanced, specialized texts that are
available.

Arousal from sleep in children may show a phenomenon
that is akin to hypnagogic hypersynchrony that was dis-
cussed earlier. This phenomenon or feature of the EEG in
childhood is termed hypnopompic hypersynchrony, and a
sample is shown in the tracing of Fig. 14.32. This figure
nicely illustrates the rapid shifts that may occur from sleep
to drowsiness, and back again to sleep.
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Figure 14.32. Arousal from sleep in an 8-year-old child. The stage  nopompic hypersynchrony. Filters: low frequency = 1 Hz, high
II sleep — note the sleep spindles at arrows —is interrupted by a  frequency = 70 Hz. Calibrations: horizontal = 1 second, vertical
paroxysmal burst of high-amplitude, rhythmic slow activity last- = 150 pV.

ing about 4 seconds. The paroxysmal activity is known as hyp-
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Figure 14.33. Awake, eyes-closed EEG in a 60-year-old person.
The open arrows indicate the posterior dominant rhythm at
about 10 Hz. The two solid arrows point to a single episode of

Age-Related Differences: The EEG
in Old Age

There is some evidence that suggests that the frequency of
the posterior dominant rhythm declines with advancing
age. The clinical value of this finding is somewhat dubious,
however, since thoroughly healthy individuals in advanced
vears may not show such a change. Moreover, since EEG
slowing is commonly associated with dementia, it is not
clear whether the reported slowing is an accompaniment
of normal aging or an early sign of pathology.

The same problem obtains in the case of temporal slow
activity, which is undoubtedly the feature most commonly
observed in the EEGs of older persons. This activity is
most often seen in the temporal region on the left side, but
it also may occur intermittently or simultaneously on both
sides. Temporal slow activity is episodic, irregular, and
mostly of low amplitude (20 to 30 V). The episodes may

temporal slowing on the left side. Filters: low frequency = 1 Hz,
high frequency = 70 Hz. Calibrations: horizontal = 1 second,
vertical = 50 uV.

consist of one to three or four waves. Figure 14.33 shows a
single episode of very mild temporal slowing in a 60 year
old. Such rare instances of temporal slowing at this age are
considered to be normal.

In older individuals the episodes become more frequent
and may be of higher amplitude. Figures 14.34 and 14.35,
which are tracings from apparently asymptomatic 78 and
80 vear olds, respectively, illustrate this. Considering the
patient’s advanced age, the EEG in Fig. 14.34 may be con-
sidered normal, assuming of course that such episodes of
temporal slowing occur only occasionally throughout the
record. The EEG in Fig. 14.35, however, illustrates a bor-
derline case. Interpretation in such cases is difficult, and,
at best, the final judgment concerning normality or abnor-
mality is tenuous. Obviously, more research into the EEG
of old age is needed before such clinical judgments can be
sharpened.

The normal EEG in hyperventilation and in photic
stimulation is discussed in the chapter on activation proce-
dures.
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Chapter 15

Abnormal EEG Patterns

A perusal of Chapter 13, Introduction to EEG Reading,
should convince the reader that a thorough knowledge of
the different normal and abnormal EEG patterns is essen-
tial to gain proficiency in EEG interpretation. This
knowledge can be gained only by going over a large num-
ber of EEG tracings and becoming familiar with the vari-
ous physiological and pathological alterations commonly
and uncommonly seen in the EEG. This chapter, there-
fore, takes up the descriptive features of individual abnor-
mal EEG patterns and briefly mentions their significance.
Later, in a chapter on clinical correlations (Chapter 21),
the specific disorders of the central nervous system (CNS)
that lead to the abnormal EEG patterns are highlighted,
and the EEG is discussed from the standpoint of its diag-
nostic and prognostic implications. The reader will note
some amount of repetition and overlap between the two
chapters; but this, hopefully, will serve to reinforce the
important aspects of the topic.

General Considerations

The term abnormal EEG patterns refers to patterns of
activity that are judged to be outside the normal range.
These judgments are based on current knowledge accum-
ulated through the evaluation of EEGs of large numbers of
neurologically normal individuals of different ages by
many electroencephalographers. In the chapter on the
normal EEG (Chapter 14), we saw that one needs to take
into account the age and state of the patient to correctly
interpret a particular EEG pattern. Thus, for example, a
pattern that is normal for a drowsy patient may be consi-
dered abnormal if the patient is fully awake. Similarly, a
pattern that is normal for a neonate may be quite abnormal
for an older child. These examples underscore the impor-
tance of the technologist’s notations regarding age and
state of the patient on the EEG tracing. Without such

information, EEG interpretation and judgments of nor-
mality or abnormality may be of doubtful clinical value.
The abnormal EEG patterns may be broadly divided
into five categories: abnormalities of the background
rhythms, abnormal sleep patterns, focal or generalized
abnormal slow activity, paroxysmal epileptogenic abnor-
malities, and abnormal periodic paroxysmal patterns. It
should be obvious, of course, that there is some overlap
between some of the categories; thus, for example, there
are times when slow activity may appear in paroxysms.

Abnormalities of the Background
Rhythms

Alternations in rate, rhythm, distribution, symmetry,
amplitude, or reactivity of the background activity may
occur during various CNS disorders. The alterations may
involve one or more of the physiological rhythms, namely,
the alpha, beta, or mu rhythms.

Alpha Rhythm

In the awake adult an alpha rhythm of less than 8 Hz is ab-
normal. Since a number of clinical conditions can produce
slowing of the alpha rhythm, the slowing is considered a
nonspecific abnormality. Thus, bilateral slowing of the
alpha rhythm may be seen in metabolic, toxic, and infec-
tious encephalopathies of diverse etiology. It is also a con-
sistent finding in patients with dementia irrespective of
the underlying cause. The degree of slowing often parallels
alteration in the mental status of the patient. It should also
be noted that the alpha rhythm slows down in patients with
hypothyroidism and can become normal when a euthyroid
state results from adequate treatment. Figure 15.1 shows
an “alpha rhythm” of 7 Hz in an adult patient who was
found to have toxic serum levels of phenytoin.
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Figure 15.1. Posterior dominant rhythm of 7 Hz in a 30-year-old
epileptic with a serum phenytoin level of 24 pg/mL. The arrows
point to lateral eve movements. Filters: low frequency = 1 Hz,

Asymmetrical slowing of the alpha rhythm with a consis-
tent difference of greater than 1.5 Hz between the two
sides is abnormal and should suggest the possibility of a
lesion on the slower side. However, such a finding does not
necessarily indicate the presence of a lesion in the occipi-
tal lobe itself; asymmetrical slowing of the alpha rhythm is
known to occur even with lesions that are more anteriorly
located.

A difference in amplitude of the alpha rhythm between
the two sides is considered significant if it exceeds 50%.
Since the alpha rhythm in most normal persons is of higher
amplitude on the right side, even a 35% decrease on the
right side may be significant. Figure 15.2 shows a marked
amplitude asymmetry of the alpha rhythm, which is of
much lower amplitude on the right side compared with the
left. The computed tomography (CT) scan showed a right-
sided subdural hematoma. Lesions that involve the cere-

high frequency =
vertical = 50 uV.

bral cortex—especially in the posterior regions—or that
cause accumulation of fluid between the brain and the
recording electrode, as in the case of subdural or epidural
hematoma and scalp edema, may lead to attenuation of
alpha rhythm ipsilaterally.

Abnormalities may also occur in the distribution of the
alpha rhythm. Normally, it is distributed in the occipital,
parietal, and, to some extent, posterior temporal areas;
however, activity may occur over widespread areas, includ-
ing the frontal regions. Such an alpha pattern is abnormal
and is seen in alpha coma, which may result from a number
of conditions such as brain stem infarct or cerebral anoxia,
or it may be a drug effect. In this context, it is worth reiter-
ating that an alpha rhythm may appear spuriously in the
frontal areas when using an average potential reference
(see Fig. 14.3, Chapter 14), and this should not be mis-
taken for an alpha coma pattern.
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Figure 15.2. Asymmetrical and slow (7-7.5 Hz) alpha rhythm in a 14-year-old adolescent having a right-sided subdural hematoma.
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Figure 15.3. Alpha coma pattern in a 60-year-old patient suffer-
ing from a lower brain stem infarct. The patient was unresponsive
to verbal commands and external stimuli. Note the diffusely dis-
tributed alpha rhythm. Passive eye opening and external stimula-

Lack of reactivity to eye opening is a significant finding,
particularly if consistently demonstrated on one side. This
may be an early finding in occipital lobe lesions. A total
lack of reactivity of the alpha rhythm is a feature that may
be seen in alpha coma, particularly in cases of diffuse
cerebral anoxia due to cardiac arrest. In the case of alpha
coma resulting from lower brain stem lesions, there may be
some degree of reactivity. This contrasts with findings in
psychogenic unresponsiveness where reactivity to eye
opening is normal. Figure 15.3 shows an alpha coma pat-
tern in a 60-year-old patient with a low brain stem infarct.

tion did not evoke any change in the alpha rhythm. Filters: low
frequency = 1 Hz, high frequency = 70 Hz. Calibrations:
horizontal = 1 second, vertical = 50 pV.

The reader will find further discussion on the alpha coma
pattern in Chapter 21.

A focal increase in amplitude and/or frequency of the
alpha rhythm is known to occur in patients with structural
lesions, particularly tumors; but this is quite an uncommon
finding. Remember that a localized increase in amplitude
may also be seen over a skull defect.

Asymmetrical photic driving in the alpha frequency
band, if quite consistent, may be abnormal. Rarely, the
driving may be more pronounced on the side of the lesion.
See Chapter 16 for further details on photic stimulation.
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Figure 15.4. Asymmetry of beta activity in a 30-year-old patient
with a subdural hematoma on the left side. The tracing also shows
a marked attenuation of slow background activity on the left
(open arrows) as compared with the right side (solid arrows). The

Beta Activity

Both attenuation and accentuation of beta activity may be
abnormal. Beta attenuation is often seen in patients with
destructive cortical lesions or when there is an abnormal
collection of fluid between the cortex and the recording
electrodes. Figure 15.4, which is from a patient with a left
subdural hematoma, shows attenuation of alpha as well as
beta activity on that side.

thin arrows point to rhythmic beta activity, which has a higher
amplitude on the right side (double arrows). Filters: low fre-
quency = 1 Hz, high frequency = 70 Hz. Calibrations: horizon-
tal = 1 second, vertical = 50 uV.

An excessive amount of beta activity, especially in
diffuse distribution, is usually a drug effect. Many drugs
can produce an increase in beta activity; barbiturates are
the most common. Figure 15.5 shows a marked increase in
beta activity in a patient who is on barbiturates for epil-
epsy. A focal increase in beta activity is most often seen
over a skull defect. The skull bones act as high-frequency
filters; in the presence of a bone defect, therefore, beta
activity may become quite prominent.
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Figure 15.5. Excessive beta activity in a 5-year-old child who is  times forms obvious spindles. Filters: low frequency = 1 Hz, high
on phenobarbital for control of generalized seizures. Note the  frequency = 70 Hz. Calibrations: horizontal = 1 second, vertical
diffusely distributed, high-amplitude beta activity that some- = 50 uV.
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Figure 15.6. Focal increase in beta activity over the left midtem-
poral and central areas in a patient with an underlying skull
defect. The arrow at “a” points to prominent beta activity on the
left side, and the arrow at “b” indicates the lower amplitude beta

Figure 15.6 shows a focal increase in beta activity in
the left midtemporal and central areas in a patient with a
skull defect from a craniotomy. Figure 15.7 shows a simi-

in the homologous area on the right. Note the vertex wave.
Filters: low frequency = 1 Hz, high frequency = 70 Hz. Calibra-
tions: horizontal = 1 second, vertical = 50 uV.

lar increase in beta activity over the right frontal, central,
and temporal areas in a patient who had previous cranial
surgery.



Abnormalities of the Background Rhythms 141

FTAV s _pimes s e o NI o ARNAST PPN st
T3 Ao NN AN N g AN AN AT ID ot 1 AN NG e P A NN NN NSNS NP HA LN e b MMl
T5 At ety s IA APt Pt NN AARANN e A NS NP, J PP NASA bt SN bt i A b e g O
F8 ALt w\,//"at.,;u'.v._/‘f . .‘1...‘/&,,,'_»;,,\»/'..w//- NN [ PNl 1000 g St s e or W’”'NM‘/V,,VW"‘\‘M,\,
T4 L A AT ANt g e, SR st /g g e o i, it
T6 B AW S I AV SV fjﬂf‘ I MN
L B N N AV VANV VR V)
F3 [ A AN e s S A e s A e AN AN S T\ AN NN AR
A4

L4
C3 A AN AP NN I AN NI S NI P N AN AN AR A WS WA

T Y A A

O1 | s et ANt At et s Nt e ol [ It AN A N NP N NI el i S
FP2 | sty b o, o W 0 b e P eI S M 2% o iy g
F4 MWWW*fAMMWWWW“N;MWW‘”WM“MMWMWMMWWWWW
O | b i, sty Sl P, e g, Pt P
L T N T B e T e
02 | S A i AN S| AN\ DN Ao e et
Fz | WMPWVM Ve g A MWMM

Cz Av

T T T

Figure 15.7. Increased amplitude of beta activity in the right old patient had a history of craniotomy. Filters: low frequency =
frontal, central (solid arrows) and temporal areas compared with 1 Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
the homologous areas on the left side (open arrows). The 40-year-  second, vertical = 50 uV.
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Figure 15.8. Burst-suppression pattern in a patient who had
suffered from cerebral hypoxia following cardiopulmonary arrest.
Areas marked “S” indicate epochs of suppression. Arrowheads

Mu Rhythm

Asymmetry of the mu rhythm may not always be abnormal
as some degree of shifting asynchrony and asymmetry is
well-known to occur in normal persons. However, if it is
consistently absent on one side but present on the other,
the finding might suggest an abnormality on the side that
mu activity is absent. A consistent difference in the fre-
quency of mu activity between the two sides is also consi-
dered abnormal. Higher amplitude mu rhythm on one side
has been known to occur over skull defects.

Other Abnormalities of Background Activity

Marked attenuation of background rhythms is abnormal,
whether it is generalized or localized. As mentioned in
Chapter 14, however, in a small percentage of otherwise

PZWWMM\MWWNM

N~
<—S—.

indicate low-voltage theta activity that occurs during the bursts.
Filters: low frequency = 1 Hz, high frequency = 70 Hz. Calibra-
tions: horizontal = 1 second, vertical = 50 pV.

normal individuals the alpha rhythm is absent and the wak-
ing EEG may show mostly low amplitude, fast activity.
When the background activity in a tracing appears
greatly attenuated, the technician has to double-check a
number of points. These include checking the impedance
of the electrodes, making sure that the amplifier sensitivity
settings are correct, and verifying that the cable from the
jack box is indeed connected to the EEG machine. It
should be recognized that when this cable is disconnected,
the tracing may show some artifacts resulting from the
amplifier inputs being open; these artifacts could be mis-
taken for brain activity. When background activity is of
very low amplitude, it is necessary to record at a higher
sensitivity like 5, 3, or even 2 uV/mm. If no activity greater

than 2 uV/mm is present in the tracing, the possibility of
brain death (cerebral cortical death) may be considered if
the clinical picture warrants it; under such circumstances,
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Figure 15.9. Asymmetry of sleep spindles in an 8-vear-old child
with left hemiplegia accompanying Sturge-Weber syndrome. A
CT scan showed atrophy and gyral calcification involving the
right side. The closed arrows point to a sleep spindle in the left
frontocentral area, and the open arrows show attenuated spindles

the EEG has to be taken according to specific guidelines
stipulated by the American EEG Society (1986) for estab-
lishing electrocerebral silence. These include, among
other things, using double-distance electrode placements,
documenting the effects of external stimulation, and
recording at a sensitivity of 2 pV/mm. Figure 15.8 is an
example of extreme suppression of electrical activity fol-
lowing cerebral hypoxia. The only activity seen is very
low amplitude theta, which occurs between the areas of
suppression.

Abnormal Sleep Patterns

Amplitude asymmetry of sleep spindles is suggestive of a
lesion on the side with the lower amplitude. This may hap-
pen both in structural lesions and also when there is abnor-
mal collection of fluid between the brain and the recording
electrode, as in subdural hematoma. Figure 15.9 shows

in the homologous area. There is also a decrease in amplitude of
the background activity on the right side. Filters: low frequency
= 1 Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 100 pV,

asymmetry of sleep spindles in a patient with left hemiple-
gia accompanying Sturge-Weber syndrome. By contrast,
sleep spindles may appear with higher amplitude over a
skull defect.

The V waves may also be asymmetrical in amplitude.
The presence of consistently asymmetrical V waves indi-
cates a structural lesion, a subdural hematoma or effusion
on the side with the lower amplitude. Sometimes the V
waves may appear larger on the side of a skull defect.
Figure 15.10 shows asymmetrically large V waves on the
right side due to a skull defect.

Another group of sleep-pattern abnormalities includes
disorders of sleep architecture. A person normally goes
through stages I and I sleep before the first phase of REM
sleep occurs, usually 90 minutes after the onset of sleep.
But the REM phase can occur at the onset of sleep, and
this abnormality is a feature of narcolepsy. Polysomno-
graphic studies are needed to evaluate such sleep dis-
orders.
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Figure 15.10. Asymmetrical V wave and beta activity in a
40-year-old patient with a skull defect on the right side. Note the
higher amplitude of the V wave on the right (R) as compared with
the left (L). The open arrows indicate the asymmetrical beta
activity, which is of higher amplitude on the right. The horizontal

Abnormal Slow Activity

One of the commonest abnormalities in EEG is the occur-
rence of abnormal slow activity. It must be understood
that certain forms of slow activity are entirely normal.
These include the delta activity that occurs in stages 111
and IV sleep, the theta activity that is present in the back-
ground activity of children during wakefulness, and also
the delta activity that may be seen during hypervent-
ilation. The presence of a consistent asymmetry in ampli-

double arrows mark an epoch of breach rhythm. Small vertical
arrows point to POSTS. Filters: low frequency = 1 Hz, high fre-
quency = 70 Hz. Calibrations: horizontal = 1 second, vertical =
50 uVv.

tude and/or frequency of such activity between the two
sides is considered abnormal.

The distinction between normality and abnormality is
less precise in the case of theta than delta activity. With
theta activity, asymmetries in amplitude and frequency
may be more significant than the mere presence of the
activity. This is due to the variable occurrence of theta
activity in drowsiness and in the waking state of normal
young and very old persons.

Abnormal slow activity may occur either intermittently
or more or less continuously, in which case it is termed
persistent. It can be generalized, focal, or lateralized. We
take these up in turn.
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Figure 15.11. Frontal intermittent rhythmic delta activity
(FIRDA) in a 40-year-old patient with chronic renal failure. Note
the 1.5- to 2-Hz frontally dominant rhythmic, high-amplitude
delta activity occurring in approximately 2-second epochs (dot-
ted lines). The bottom channel, which is an eye electrode
referred to the ipsilateral ear, shows activity that is in phase with

Generalized Intermittent Slow Activity

This is a common and easily identified abnormal EEG pat-
tern. It consists of intermittent rhythmic, usually mono-
morphic, slow activity most commonly occurring in the
delta frequency band. The acronym IRDA (intermittent
rhythmic delta activity) is often used for this pattern. The
activity is characteristically bilateral and synchronous,
showing frontal (FIRDA, see Fig. 15.11) or occipital domi-
nance (OIRDA, see Fig. 15.12); rarely, it may be most
prominent over the temporal areas. The dominance seems
to be age related, OIRDA being more common in children.

T T

the delta waves, thus confirming that the waves represent corti-
cal activity and not eye activity. The patient appeared to be con-
fused during the recording. Filters: low frequency = 1 Hz, high
frequency = 70 Hz. Calibrations: horizontal = 1 second, vertical
= 50 uV.

Intermittent rhythmic delta activity is usually of high
amplitude; it stands out from the background and often
has a frequency of 2 to 3 Hz. The component waves are
often sinusoidal or saw-toothed, and have a rapid up-
stroke and slower downstroke. Each epoch of delta activity
may last from 1 to 3 seconds and may repeat every few
seconds. Both the frequency of occurrence of the epochs
and their amplitude may increase during hyperventila-
tion or drowsiness. Intermittent rhythmic delta activity
is often attenuated by eye opening and other alerting
stimuli. It may disappear during deeper stages of sleep,
but reappear during the REM stage. Since eye-movement
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Figure 15.12. Occipital intermittent rhythmic delta activity
(OIRDA) in an 8-year-old child with aqueduct stenosis and ven-
tricular dilatation. Note the high-amplitude, posteriorly
dominant 3- to 4-Hz delta activity occurring in 1- to 2-second

artifacts may resemble FIRDA, the technician should
record the patient’s eye movements by placing an elec-
trode in the infraorbital area and connecting it together
with the ipsilateral ear electrode to one channel of the
EEG machine. If the waveform recorded on this channel is
in phase with the waveforms on the other channels, eye-
movement artifacts are excluded.

Although IRDA is easily identified, some difficulty
arises with regard to its precise clinical correlation. It was
once believed that IRDA resulted from increased intra-
cranial pressure. However, the observation that IRDA is
not seen as a feature of benign increased intracranial ten-
sion changed this concept; the IRDA may be related to the

T T

epochs (dotted lines). Filters: low frequency = 1 Hz, high fre-
quency = 70 Hz. Calibrations: horizontal = 1 second, vertical =
50 uVv.

underlying cause rather than the increased pressure per
se. Further studies showed that it can occur in a large vari-
ety of conditions that affect the CNS, ranging from meta-
bolic encephalopathy to localized mass lesions. At the
present time, IRDA is considered to be a totally non-
specific abnormality reflecting disturbance in cerebral
function as a result of diffuse encephalopathies of meta-
bolic, toxic, infectious, or traumatic origin, or focal
encephalopathies such as cerebrovascular accidents, and
intracranial tumors. In focal encephalopathies, FIRDA
may occur with higher amplitude on the side of the lesion,
but this is not always a reliable finding. For this reason,
IRDA is considered to be of little localizing value.
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Figure 15.13. Intermittent, left-sided delta activity (between the
dotted lines) and focal spike discharge at T3 (solid arrows) in a
50-year-old patient with a left temporal lobe glioma. The open
arrows point to sleep spindles that occur at higher amplitude on

Since IRDA was initially associated with the presence of
mass lesions is deep midline regions like the third ventri-
cle, the subfrontal regions, or the posterior cranial fossa,
the terms “distant rhythm” or “projected rhythm” have
been used. But this is no longer favored because there is
little difference between the intermittent delta activity of
such mass lesions and that resulting from diffuse encepha-
lopathies.

Intermittent rhythmic delta activity often accompanies
decrements in mental status of the patient such as lack of
attention, confusion, and obtundation. In focal lesions the
presence of IRDA also is often accompanied by such
changes in mental status, suggesting that a diffuse cerebral
dysfunction may be accompanying the focal lesion.

the right than the left side. Filters: low frequency = 1 Hz, high
frequency = 70 Hz. Calibrations: horizontal = 1 second, vertical
= 50 pV.

Focal and Lateralized Intermittent
Slow Activity

These abnormalities have the same features as generalized
intermittent delta activity except that they are limited to
one area or to one side of the brain. When consistently
present, such activity should arouse the suspicion of an
underlying structural lesion (Fig. 15.13), although the
correlation is not as consistent as in the case of persistent
polymorphic delta activity. The underlying cause may be a
mass lesion, trauma, or ischemia; or the activity may even
be a postictal phenomenon. Figure 15.14 is an example of
lateralized intermittent rhythmic slow activity in a patient
with a subcortical infarct.
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Figure 15.14. Lateralized intermittent rhythmic delta activity right side. Vertical arrows point to POSTS. Horizontal arrows

occurring during both sleep and wakefulness in a 50-year-old
patient with a right subcortical infarct. Note the 2- to 3-Hz rhyth-
mic delta activity occurring intermittently (dotted lines) on the

Persistent Slow Activity

Persistent slow activity is usually in the delta frequency
band. It may occur as monomorphic, rhythmic waves or as
polymorphic, arrhythmic waves. It may be generalized,
lateralized, or focal. In the case of the rhythmic delta
activity, the waveforms resemble each other and maintain
a somewhat constant frequency. On the other hand, the

point to V waves. Filters: low frequency = 1 Hz, high frequency
= 70 Hz. Calibrations: horizontal = 1 second, vertical = 50 pV.

polymorphic delta activity (PDA) usually has a frequency
of 0.5 to 3 Hz, and the waveforms change in frequency,
amplitude, and morphology (shape) in a continuous
fashion. In other words, no two succeeding waves appear to
be quite alike. Polymorphic delta activity tends to show no
reactivity to stimulation and persists both during wakeful-
ness and sleep. Even hyperventilation may not have much
effect on PDA.
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Figure 15.15. Diffuse slow activity in a 20-year-old patient
presenting with fever, headache and vomiting. Although the
patient appeared awake at the time of recording, he was confused
and disoriented. Cerebrospinal fluid showed normal glucose,
with 48 lymphocytes and 6 polymorphs per cubic millimeter. A

Figure 15.15 is an example of generalized, persistent
slow activity consisting of a mixture of theta and delta
activity that is both rhythmic and arrhythmic. The patient
was diagnosed to have viral encephalitis. Figure 15.16
shows the occurrence of polymorphic delta activity on the
right side in a patient with an underlying glioma. When
the delta activity is of very low amplitude and of very low
frequency, it may easily be overlooked. The technician
should be vigilant about such patterns as he/she can carry
out certain maneuvers—such as changing the low-
frequency-filter setting to 0.3 to 0.1 Hz, and/or using a slow
paper speed —to make the slow activity more prominent.

Continuous PDA, especially when it is focal, is indica-
tive of an underlying structural lesion unless proved other-
wise. The finding often correlates well with other tests like
the CT scan and Magnetic resonance imaging (MRI), but

diagnosis of viral encephalitis was made. Note the muscle
artifacts in most of the channels. Filters: low frequency = 1 Hz,
high frequency = 70 Hz. Calibrations: horizontal = 1 second,
vertical = 50 pV.

there are certain situations where the CT may be negative
as, for example, in recent infarct or contusion. For the exact
localization of the lesion, the frequency of the waveform is
a better indicator than the amplitude; thus, the area show-
ing the slowest activity is the most likely site of the lesion.
The amplitude is often higher in the immediately sur-
rounding areas. Sometimes the tracing from the area over-
lying a destructive lesion may be of such low amplitude
that it appears to be flat, whereas the surrounding areas
show large amplitude PDA.

It is now believed that deafferentation of the cortex by a
lesion that interrupts the thalamocortical afferents is the
underlying mechanism in the genesis of PDA. Polymor-
phic delta activity is most likely to be associated with acute
destructive lesions, but it gives no clues as to the specific
etiology of the lesion.
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Figure 15.16. Polymorphic delta activity on the right side in a  where none is present. The slanted arrows point to some of the
patient with a large glioma. The open arrows indicate an intact  delta transients. Filters: low frequency = 1 Hz, high frequency
alpha rhythm on the left side, which contrasts with the right side = 70 Hz. Calibrations: horizontal = 1 second, vertical = 50 uV.
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Figure 15.17. A lateralized mixture of rhythmic and polymorphic
delta activity in a 60-year-old patient with a right frontal infarct
involving both the cortex and the subcortical areas. The vertical

Sometimes PDA and rhythmic delta activity may coexist
in the same tracing as in Fig. 15.17. This may conceivably
depend on different degrees of involvement of the cortical
and subcortical areas by the lesion.

Paroxysmal Epileptogenic Abnormalities

The term paroxysmal refers to activity that shows changes
in amplitude or frequency, which occur with sudden onset
and offset, and that stands out distinctly from the ongoing
background activity. While certain patterns of activity
such as V waves, lambda activity, and hypnagogic hyper-
synchrony are also paroxysmal by this definition, the term
is usually reserved for abnormal activity. Broadly speaking,
paroxysmal abnormalities may be classified into epilepto-
genic abnormalities and periodic patterns. Abnormal peri-
odic paroxysmal patterns are taken up later in the chapter.

There has been considerable debate about the correct
terminology to use in describing patterns of activity that
are associated with seizure disorders. The term epilepto-
genic abnormalities is usually used to indicate those tran-
sients or patterns of activity that are known to have a
definite correlation with seizure disorders. These abnor-
malities may be further classified into interictal (in
between seizures) phenomena and ictal (during a seizure)
phenomena. The interictal phenomena, which are termed
epileptiform patterns or discharges, include spike dis-
charges and sharp waves with or without accompanying
slow waves. The ictal discharges or electrographic seizure

T v T

arrows point to some of the delta waves. Filters: low frequency =
1 Hz, high frequency = 70 Hz. Calibrations: horizontal = 1
second, vertical = 50 uV.

patterns, on the other hand, include a number of patterns
that are known to accompany clinical seizures.

Epileptiform Discharges
Spike Discharges

A spike discharge is defined as a transient that is clearly
distinguished from the background activity, has a pointed
peak at a paper speed of 30 mm/s, and has a duration of 20
to 70 ms; it usually is surface negative and is of variable
amplitude (Chatrian GE, Bergamini L, Dondey M et al,
1974). Ordinarily, a spike stands out from the background
activity because of its distinct appearance and/or size; but
when the amplitude is small, it may be difficult to identify,
especially when there is a considerable amount of beta
activity in the background. This is one reason why it is bet-
ter to avoid using medications for promoting sleep when
taking an EEG, as most such drugs cause diffuse beta
activity. As mentioned earlier in Chapter 14, use of the
15-Hz high-frequency filter should also be avoided
because the sharp-pointed character of a spike is lost and
its amplitude becomes markedly attenuated. When this
happens, a spike may be indistinguishable from beta
activity or muscle artifacts.

Sharp-wave Discharges

A sharp wave is defined as a transient that clearly stands
out from the background activity, has a pointed peak at a
paper speed of 30 mm/s, and has a duration of 70 to 200 ms;
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amplitude is variable, and like spikes, sharp waves usually
are surface negative (Chatrian GE, Bergamini L, Dondey
M, et al, 1974). Since there is little distinction between
spikes and sharp waves from the standpoint of their poten-
tial for epileptogenicity, the terms are used interchangea-
bly in the ensuing discussion.

Polyspikes or Multispikes

Spike discharges are usually monophasic or biphasic. The
term multispike is used when several spikes comprise a
single waveform. As with spike discharges, multispike dis-
charges may also be accompanied by slow waves.

Spike and Wave Complexes

Another epileptiform pattern is the spike-wave complex or
sharp and slow-wave complex. Each spike or sharp wave is
accompanied by a slow wave, usually of the same polarity.
Spike-wave complexes may take different forms, the classi-
cal example being the three per second spike-wave com-
plex of absence seizures.

Detection of Epileptiform Discharges

When a spike or sharp-wave discharge is noted in an EEG,
the following questions should go through the minds of
both technician and electoencepalographer. Is it indeed a
spike, or is it an artifact? Where is it coming from? Is it a
physiological phenomenon that looks like a spike such as a
V wave, a POSTS, or lambda wave?

To ensure that a particular transient is a true spike, and
to establish its exact location, the technician may have to
carry out certain maneuvers. Figure 15.18 shows what
looks like a spike discharge that is confined to a single elec-
trode, namely, F4. It does not appear to have an electrical
field, as it is not seen in C4 or F8. Such being the case, one
needs to prove that it is not simply an electrode artifact. To
do this, an additional electrode is placed between the
incriminated one and its neighbor so that any electrical
field associated with the transient can be documented. In
this instance, the electrode at F4’ showed a similar tran-
sient, thereby confirming that the transient observed in F4
is not an electrode artifact.

When a spike is noted in an electrode at the end of a
bipolar chain, the localization can be made easier if the
montage is revised and the electrode is placed in the mid-
dle of the chain. As explained in the chapter on localiza-
tion, it is sometimes useful to combine bipolar and referen-
tial recording on the same page to show the exact
localization of a spike more accurately (see Fig. 12.11). If
there is a question as to whether a particular discharge is
an abnormal spike or a normal transient, other measures
are necessary. For example, midline spikes may be con-
fused with V waves, so a waking record is essential
whenever midline spikes are suspected. If the spikes do
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occur in the waking EEG, one is dealing with midline
spikes. Sometimes ECG artifacts may look like spikes;
when this happens, it is essential to record the ECG simul-
taneously on the same chart with the EEG. It is important
to keep in mind that genuine spike discharges are often fol-
lowed by slow waves, whereas ECG and other artifacts are
not. The role of activation procedures in enhancing epilep-
tiform activity is discussed in Chapter 16.

Parameters of Epileptiform Discharges

The size of the spike is only rarely a reliable criterion for
the assessment of its epileptogenicity. There are but few
such examples. Thus, it may be noted that small sharp
spikes (see later in this chapter) which are of low ampli-
tude and of very short duration do not usually have any
correlation with seizure disorders. Similarly, the very small
spikes present in 6-Hz spike and wave discharges (phan-
tom spike and wave) are also known to have little relevance
from the point of view of epileptogenicity. It is important in
this context to remember that amplitude is not a reliable
measure in bipolar chains (Chapter 11).

Polarity of a spike may provide clues as to its potential
for epileptogenicity. Thus, negative spikes are more com-
mon by far than positive spikes and are more significant
from the point of view of epileptogenicity. Positive spikes
like the 14- and 6-Hz bursts that are taken up later are con-
sidered to be of little clinical significance. On the other
hand, positive Rolandic spikes, which are seen in prema-
ture infants and are known to occur in association with
intraventricular or periventricular hemorrhage, are an
exception.

Location of a spike is also relevant from the standpoint of
correlation with seizure disorders. Thus, Rolandic spikes
and spikes arising from the occipital areas are said to be
less well correlated with seizure disorders than anterior
temporal or frontal spikes.

Pathophysiology of Spike Generation

Epileptiform activity is believed to be the result of paroxys-
mal discharges occurring synchronously in a large aggre-
gate of neurons. Such discharges could conceivably give
rise to spikes or sharp waves in the scalp EEG, particularly
if the neuronal aggregate happened to be in an area
covered by the field of the electrode and the dipole hap-
pened to be in the appropriate orientation. At the cellular
level the corresponding abnormality consists of bursts of
spontaneous depolarization of the neuronal membrane,
which are termed paroxysmal depolarization shifts.
Although a paroxysmal depolarization shift is considered
to be the cellular hallmark of a hyperexcitable neuron, the
hypersynchrony (several neurons discharging simultane-
ously) probably results from abnormalities occurring at
the synaptic level. In other words, abnormalities of the
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Figure 15.18. Focal spike discharges from the midfrontal area
on the right side. In the left half of the tracing, a standard bi-
polar montage was used. Horizontal arrows denote spike dis-
charges with a phase reversal at F4. As there was no definite
electrical field for the spike, the technician added another elec-
trode (F4) between Fp, and F4. The revised montage in the
right half of the tracing shows that the spike has a definite elec-

neuronal membrane, as well as abnormalities at the syn-
apses that lead to hypersynchronization, are necessary for
the production of interictal as well as ictal discharges.

Let us now consider some of the commonly seen interic-
tal epileptiform abnormalities. Broadly speaking, two
types of interictal patterns are noted, namely, focal abnor-
malities and generalized abnormalities.
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trical field and, hence, is not an electrode artifact. The horizontal
arrows show a phase reversal that places the focus between F4/
and F4, but closer to F4. Use of the additional electrode should
be a standard procedure when spikes or sharp waves appear
restricted to a single electrode. Filters: low frequency = 1 Hz,
high frequency = 70 Hz. Calibrations: horizontal = 1 second,
vertical = 50 pV.

Focal Epileptiform Abnormalities

Interictal focal epileptiform abnormalities manifest them-
selves as focal spikes or sharp waves, or focal spike and
wave discharges. Their presence helps to confirm the clini-
cal suspicion of a focal or partial seizure. In the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>