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Abstract

Developments in technologic and analytical procedures applied to the study of brain electrical activity have inten-
sified interest in this modality as a means of examining brain function. The impact of these new developments
on traditional methods of acquiring and analyzing electroencephalographic activity requires evaluation. Ultimately,
the integration of the old with the new must result in an accepted standardized methodology to be used in these
investigations. In this paper, basic procedures and recent developments involved in the recording and analysis of
brain electrical activity are discussed and recommendations are made, with emphasis on psychophysiological appli-

cations of these procedures.

Descriptors: EEG recordings, Artifacts, Sleep, Pediatrics, Quantified EEG, Statistical analyses

More than 60 years ago, Hans Berger reported the first record-
ings of electrical activity from the human brain (Berger, 1929),
and our fascination with this organ and its electrical activity con-
tinues to intensify. We persist in our attempts to decipher the
code of electrical activity produced by the brain and continue
to use this information to guide our understanding of behavioral
state characteristics and aspects of cognitive functioning. The
nature of the limitations of this understanding have remained
much the same as they were in Berger’s time, that is, advances
mainly parallel development of instrumentation, the accumu-
lated knowledge base, and current conceptual orientation. The
purpose of this paper is to provide an update regarding the
present status of these influences as they relate to the applica-
tion of current technology and procedural recommendations for
the recording and analysis of the human electroencephalogram
(EEG) in nonclinical populations. Only spontaneously occur-
ring background EEG activity will be considered in this paper;
evoked activity will be the topic of another guidelines paper in
this series.

Address reprint requests to: Dr. R.T. Pivik, Department of Psychol-
ogy, Ottawa General Hospital, 501 Smyth Road, Ottawa, Ontario K1H
8L.G, Canada.
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Electrode Types and Application

Interest in human EEG activity has focused primarily on the 0-
30-Hz frequency range,' and a variety of electrode types and
application procedures (Broughton, Hanley, Quanbury, & Roy,
1976) have been developed to accommodate specific investiga-
tional and situational requirements necessary to study these
activities. For recording slow potentials, nonpolarizable elec-
trodes, preferably Ag/AgCl, are required, whereas Ag/AgCl
and gold or silver cup electrodes are suitable for recording higher
frequency EEG activity. Needle electrodes, once commonly used
for clinical EEG recordings, have never been the electrodes of
choice for nonclinical studies. For some situations, such as mul-
tiple recording sites or when recording infants, fitted caps in
which electrodes are imbedded are used. However, caps can

Although the primary focus of most of the research activity has
been restricted to this frequency range, some investigators (e.g., Spy-
dell & Sheer, 1982) have studied frequency activity in the gamma range
(36-44 Hz and sometimes higher). Because this frequency range substan-
tially overlaps with muscle activity, very careful controls are required
to keep muscle activity from confounding activity of true neurogenic
origin.
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become easily misaligned, and special effort must be made to
assure precision of electrode position.

Quality of recording is dependent upon several factors, one
of which is the integrity of the electrode-electrolyte-skin inter-
face. To reduce electrical resistance at the point of contact of
the electrode-electrolyte with the skin, it is necessary, prior to
the attachment of electrodes, to clean recording sites with a
diluted alcohol solution and slightly abrade the surface to reduce
impedance to less than 5,000 ohms. When cortical slow poten-
tials are to be recorded, contamination of recordings by skin
potentials may be avoided by scratching the skin surface with
a sterile needle (Picton & Hillyard, 1972).

Other than the situation where electrodes are held in place
by a cap or clip (e.g., attached to the ear lobes), one of three
techniques of attachment is commonly used: (a) a thick conduc-
tive electrode paste holds the electrode in place; (b) a patch of
gauze soaked in collodion covers the electrode (gold or silver
cup) and secures it to the scalp; or (c) a collodion-impregnated
patch with an opening cut over the recording site may be secured
to the scalp and an electrode attached to this patch with an adhe-
sive collar. When collodion is used, it is normally dried by a jet
of compressed air. For recordings from sites free from hair, elec-
trodes may be secured with adhesive collars or tape.

Under conditions in which direct coupled slow potential
recordings are to be made, electrodes that will be referenced to
one another should be stored in a manner that will reduce off-
set potentials and maximize stability of the electrodes (Tassinary,
Geen, Cacioppo, & Edelberg, 1990).

Derivations

Correct interpretation of EEG recordings depends upon accu-
rate localization of recording sites. The accepted standardized
system for electrode placement is the International 10-20 Sys-
tem (Jasper, 1958). Positioning of electrodes should conform
to this system, with any deviations clearly specified. Determi-
nation of electrode position should always be made using a mea-
suring tape and not by estimation. The head is rarely symimetric,
and special care must be taken when laterality or other topo-
graphic issues are of importance (Myslobodsky, Coppola, Bar-
Ziv, & Weinberger, 1990). When it becomes necessary to use
scalp locations other than the traditional 10-20 sites, the addi-
tional sites should be located at points halfway between the stan-
dard sites whenever possible. These halfway sites can be named
in a standard manner consistent with the 10-20 system. The coro-
nal rows can be labeled with letters of the rows immediately ante-
rior and posterior to each halfway row, for example, row CP
lies halfway between row C and row P. The coronal row between
Fp and F can be labeled AF instead of the three character label
FpF. Likewise, the anterior-posterior rows can be labeled with
numbers that lie between the numbers employed in most rows,
for example, C1 lies halfway between CZ (the Z stands for Zero
or Zenith) and C3. The obvious exceptions to these rules lie in
the temporal regions at sites T3-T8. When using the halfway
nomenclature, the traditional T nomenclature can be used for
those well-defined points and as the substitute of C and P
nomenclature for the interposed halfway points. Formal defi-
nitions for this system have been proposed (American Electro-
encephalographic Society, 1991) (Figure 1). Regardless of the
system used, location of electrodes must always be unambigu-
ously described.
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Grounding

To minimize leakage currents that may flow through the sub-
jects via the recording system and to decrease artifact, subjects
are connected to a ground on the EEG amplifier system. This
ground connection is best made through an electrode placed near
other EEG recording sites —a midforehead placement is com-
mon. The method of subject grounding and the placement of
the grounding electrode should be specified.

Reference Placement

Because the basis for recording electrophysiological activity is
the potential difference between two electrodes, the selection of
both recording sites is of equal importance. For bipolar record-
ings in which the EEG activity reflects the potential differences
between two active sites, both sites will usually be selected on
the basis of the particular relevant investigational interest. How-
ever, in the case of referential recordings in which the activity
at a single active site is of primary interest, the selection of the
reference electrode presents a complex problem. This placement
is an important methodological consideration because different
reference locations basically offer a different window of geom-
etry through which to view the underlying brain activity of inter-
est (Henriques & Davidson, 1990, 1991). Ideally, the reference
placement should be electrophysiologically silent, but there really
is no such thing as a truly inactive reference site. Both cephalic
and noncephalic reference placements will contribute to the
recorded activity, with varying amounts of EEG activity present
at cephalic sites and an increased probability of electrocardio-
graphic (EKG) and muscle activity being detected at noncephalic
sites. Many suggestions have been made regarding the optimal
location of reference electrodes.

In addition to the influence on EEG of biologic activity
present at the reference site, it is also important to consider the
distance between the active EEG electrode and reference elec-
trode sites. Sites that are close together increasingly cancel out
activity that occurs identically at both sites. This is especially so
for slow activity, which tends to have broad fields. A reference
electrode situated distant from the active electrode will tend to
pick up more artifacts from many different sources. Although
there is no perfect solution for these various reference electrode
position-related problems, recognition of the situation is impor-
tant, and the potential impact of the reference site on results
should be discussed in the research report (Nuwer, 1988).

Some investigators have used average-reference and refer-
ence-free recordings to circumvent this problem (Hjorth, 1980,
1986; Lehmann, 1987). An intended advantage of reference-free
transformations is accentuated local sources and minimized spu-
rious interelectrode correlations. There are several procedures
in use for this type of analysis. One method has been termed cur-
rent source density analysis and is derived from the second deriv-
ative of the interpolated voltage surface (Perrin, Bertrand, &
Pernier, 1987). Another procedure is the radial current flow
method (Hjorth, 1980). To compute current flow radial to the
surface at the index electrode site, the voltage gradients directed
at that site from all other sites are computed by dividing the volt-
age difference between each other site and the index site by the
surface distance between them. These transforms are performed
on data in the time domain before any frequency analyses are
done. The surface Laplacian is a transform to current source
density, and this property acts as a spatial filter (Nunez, Pil-
green, Westdorp, Law, & Nelson, 1991). However, the Laplac-
ian transform requires many electrodes because it essentially
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Figure 1. Adjustments to the 10-20 system and the resulting modified combinatorial nomenclature. The modifications are
designated by black background circles. From “Guidelines for Standard Electrode Position Nomenclature” by the American
Electroencephalographic Society, 1991, Journal of Clinical Neurophysiology, 8, pp. 200-201. Copyright 1991 by the American

Electroencephalographic Society. Reprinted by permission.

takes the difference between a target electrode and the several
electrodes that surround it. If the goal of the investigation is to
sample EEG activity from the entire head, then at least 32 chan-
nels are required. However, even these solutions have their dif-
ficulties. Any activity present in a substantial number of
channels will show up quite prominently in the average-refer-
ence recordings. Use of the radial current flow method, as pro-
posed by Hjorth (1980), can also be problematic, especially
for electrodes near the lateral boundaries of the field of elec-
trode sites.

In many conventional EEG studies, a contralateral or occa-
sionally unilateral earlobe or mastoid reference is employed.
Another reference used especially in quantitative EEG studies
involves linking electrodes placed on the earlobes (designated
A, and A,) or mastoids (M, and M,) (Gilbert, Robinson, Ham-
berlin, & Spielberger, 1989; Jesiukaitis & Hakerem, 1988). How-
ever, equalizing ear reference impedance is not easily done, and
the effect of unequal impedances in a linked-reference config-
uration would be to artificially inflate the amplitude of the leads

on the side of the reference electrode of highest resistance (Gar-
neski & Steelman, 1958). Even if equalization can be achieved
at the onset of a recording session, these values may change over
the course of that session. A number of strategies have been
developed to deal with the problem of changes in impedance in
a linked-reference configuration. One common strategy is to
place a resistor in series with each electrode prior to electrically
linking the leads. This strategy requires a priori knowledge of
the range over which impedances may change during the course
of the study and the selection of a resistor of sufficient value that
the tendency toward imbalance is of no consequence. A resis-
tor of inappropriately high resistance, in combination with other
factors (e.g., the length of the electrode lead), may introduce
noise into the EEG signal. Nevertheless, the range of impedance
changes can be closely estimated, and one can choose a set of
resistors to compensate for the imbalance.

A second strategy is to place a variable resistor in series with
each active electrode, constantly monitor electrode impedances,
and balance the impedances or changes in impedance over the
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course of the experiment. This strategy has the advantages of
empirically correcting any imbalances and not assuming a par-
ticular change or range of changes. It may also reduce noise pro-
duced by high-value resistors, as used in the first strategy.
Obvious disadvantages are the time required for this monitor-
ing/adjustment and the possibility that these activities may inter-
fere with a particular experimental protocol.

A third strategy is one in which a separate preamplifier chan-
nel is dedicated to each reference electrode and the outputs of
the two amplifiers are electrically linked. With this method, a
resistor is placed in series with the output of each amplifier and
the two channels are linked prior to input into the A/D chan-
nel. Current preamplifiers typically have high input impedances,
with impedance outputs that are low and generally well matched.
Because the output impedance of the preamplifier is constant
and very low, the resistor placed in series on the output side does
not introduce noise into the signal. The size of this output resis-
tor should be 10-fold greater than the maximum output imped-
ance of the amplifier. For example, for a constant maximum
output impedance of 300 ohms, a 3K ohms resistor would be
selected. The input impedance of the A/D device must be large
in relation to the 3K resistor, for example, at least 300K ohms.
One important requirement for the described system is that the
preamplifiers used for each reference channel must have iden-
tical gains. This is determined by calibrating the preamplifiers
for signals of known voltage and frequency with the resistors
in place. This configuration ensures that imbalances in reference
electrode impedance do not affect the measurement of the EEG
activity on either side of the head. There is little chance that
extraneous noise is introduced by resistors in series with the elec-
trode leads themselves, and there is no need to constantly mon-
itor impedances during the course of the experiment. A potential
disadvantage of this strategy is that it necessitates dedicating two
amplifier channels per derivation. The separate amplifier out-
puts of each reference channel can be input into separate A/D
channels, with the advantage that multiple reference configu-
rations may be derived in software, including average-reference
sites, average reference, and Laplacian solution, including the
reference sites. A series of recent studies has indicated that once
the electrode impedances of the two ears are well matched, there
is no systematic difference between physically linking ear ref-
erence electrodes and computer averaging two separate ear chan-
nels in terms of effects on baseline measures of asymmetry
(Andino et al, 1990; Lutzenberger & Elbert, 1991; Senulis &
Davidson, 1989). Under these conditions, where impedances can
be matched and the ear electrodes physically linked, recordings
may be conducted using only one channel. Unfortunately, it is
difficult to independently evaluate the validity of different ref-
erencing solutions. What is needed is to compare data from
different solutions to a “gold standard” of regional brain acti-
vation, such as regional glucose metabolism derived using pos-
itron emission tomography. Such investigations in which the
EEG recordings are taken simultaneously with glucose uptake
procedures are currently underway (Davidson, personal com-
munication, 1992), and the results of such studies may help clar-
ify the relationship between various referencing solutions and
regional brain activation.

Although the recording arrangement ultimately chosen is dic-
tated by the specific investigational demands of the study, there
are conditions in which specific recommendations have been
made to standardize EEG recording parameters. Examples of
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these conditions include EEG mapping, sleep recordings, and
developmental studies in infants.

Calibration, Filtering, and Digitization

Calibration of the amplification system is essential to provide
a reference potential of known voltage against which measure-
ment of the voltage of the EEG potentials is made and to estab-
lish the equivalence of amplification across amplifiers. Calibration
prior to data acquisition is obligatory, and repeated calibration
during extended data gathering sessions and/or at the end of
recording sessions is recommended. Generally, polygraphs have
built-in calibration pulse generators, but independent, stable cal-
ibration sources providing sinusoidal signals of known ampli-
tude are also recommended (Dumermuth, Ferber, Herrmann, -
Henricks, & Kiinkel, 1987). At times, special calibration pro-
cedures may be considered; for example, when doing spectral
analysis, calibration may be done with white noise instead of
pulse or sine-wave signals. In any case, a high-quality calibra-
tion signal is required, and the method of calibration must be
specified.

Amplifier settings and properties, such as filter settings, the
use of any special line frequency rejection filters, and indications
of amplifier gain, should be documented. Properties of ampli-
fiers should be indicated, including drift, linearity of amplifi-
cation in both the signal amplitude and frequency range, and,
particularly when low amplitude signals are being processed, the
noise level of the amplifier as determined by short-circuiting
amplifier input. Another amplifier-related property that should
be characterized is the extent to which cross-talk between chan-
nels is restricted. This consideration is of general importance and
can be of particular significance when relationships between
channels are fundamental to the investigation, for example, in
studies of EEG coherence or laterality. Cross-talk rejection
should be specified in decibels with a recommended rejection
level of at least 60 dB (Dumermuth et al., 1987).

Interfacing the output of EEG amplifiers with analog data
storage or analog-digital conversion equipment can be done using
IRIG specifications. However, because EEG equipment now has
a wider dynamic amplitude range providing a +10-volt range
at the output connector, use of the IRIG +1.4-volt maximum
amplitude norm may result in clipping in some circumstances.
Therefore, the use of interface equipment with the +10-volt
input range is recommended. For digital interfacing, the [IEEE
standard interface for programmable instrumentation (IEEE
488-1975, GPIB, HPIB 488) is recommended.

The extent to which the analog signal is accurately reflected
by digital representation depends on the sampling rate. The rule
used to regulate this relationship is provided by the Nyquist the-
orem, which requires that the data sampling rate be at least twice
the highest frequency present in the signal. Frequency compo-
nents higher than twice the sampling rate must be removed from
the EEG before digitizing to avoid the problem of aliasing, that
is, the production of “spurious low frequency components which
cannot be distinguished from those of the true signal” (Dumer-
muth et al., 1987, p. 214). Aliasing can be prevented either by
sampling at rates high enough (i.e., more than four- to fivefold
greater than the filter cutoff frequency) to ensure that the spec-
tral band width far exceeds any component in the data or by ana-
log filtering (Oken & Chiappa, 1986).
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New technology often creates new complications and con-
cerns in the processing of data, and one such concern related to
processing of EEG data has been recently addressed in papers
by Miller (1990) and Lutzenberger and Elbert (1991). These
authors evaluated the operation of A/D boards used in personal
computers, noting that most A/D boards that operate in DMA
mode do not sample all channels at exactly the same moment
and time. The interval between time points at which the volt-
age of a subsequent channel is measured corresponds to the sam-
pling interval divided by the number of active channels. Thus,
to use the example given by Lutzenberger and Elbert (1991), if
there are five EEG channels, each sampled at 10 ms per point,
the delay between any two adjacent channels is 2 ms and the
delay between the first and last channel is 8 ms. As noted by
Miller (1990), this may lead to a systematic difference in laten-
cies between channels and may be a severe problem when chan-
nels are subtracted off line for rereferencing. A number of
commercial EEG analysis systems have A/D boards that func-
tion in this fashion. The solution is to perform some type of
interpolation to latency correct the channels. However, a linear
interpolation will not be accurate, particularly at higher frequen-
cies, although the magnitude of residual error will be a function
of the sampling rate. Nonlinear procedures of the sort described
by Lutzenberger and Elbert (1991) may be required.

Normal Variants and EEG Artifacts

The raw EEG must be visually analyzed carefully for normal
typical waveforms, their variants, and artifactual segments for
deletion prior to further data elaboration, and considerable
expertise is needed to properly identify many of these charac-
teristics (Nuwer, 1988). In descriptions of the waking record typ-
ically consisting of alpha rhythm maximal in parieto-occipital
regions, theta or beta activities maximum centrally, and theta
or alpha frequency in the temporal regions, accepted terminol-
ogy must be employed. In particular, investigators often indis-
criminately confuse such terms as rhythm and activity (all alpha
activities are not the alpha rhythm). The many terms employed
in characterizing the EEG have been fully defined elsewhere
(International Federation of Societies for Electroencephalography
and Clinical Neuropsychology [IFSECN], 1974; Niedermeyer,
1987), and the careful investigator will use such terminology or,
if at variance, will define the terms as employed.

The EEG contains a number of normal waveform variants,
common among which are the mu rhythm in central regions,
psychomotor variants in the temporal regions, and a variety of
different shapes and harmonics of the posterior dominant alpha
frequency activity. Intersubject variability is substantial and can
be a serious confounding factor in EEG research. Research stud-
ies must carefully define the ways in which these potentially seri-
ous problems are resolved. Typical approaches to reduce the
severity of this problem include the use of subjects as their own
controls and the use of a sufficiently large number of different
subjects. Careful examination of the raw EEG will allow the
experienced investigator to identify these normal variants.

The EEG of normal individuals may contain other features
that are unusual but of no known clinical or psychological
importance, such as the presence of 6-Hz spike-wave complexes,
14 and 6 spikes, and a variety of others. Such variants must be
excluded from further analysis. Methods of artifact rejection
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and the nature of criteria for artifact identification should be
unambiguously indicated.

Extended recordings of EEG in the awake state almost
always contain brief periods of drowsiness. Many subjects will
become drowsy quite easily and fall asleep if left alone in a quiet
recording room. Drowsiness can therefore be a substantial con-
founding factor in EEG recordings, particularly when record-
ings are taken under relaxed waking conditions. This problem
can even occur during vigilance tasks when the subject becomes
bored or has overlearned the task. Drowsiness can be identified
through the examination of the raw EEG record and can be
indexed by signs of EEG slowing in conjunction with anterior
diffusion, slight slowing and then decrease in abundance of
alpha activity, or the presence of vertex sharp waves. Slow eye
movement artifacts, mainly horizontal, that are present during
drowsiness will be evident in the anterior temporal (interior fron-
tal) leads and can be more directly monitored by electrooculo-
graphic (EOG) leads.

Almost all EEG recordings will contain artifacts. Some can
be identified visually and subsequently deleted from further
analysis. The monitoring of known sources of artifacts (such as
eye movements, EKG, skin potential, and muscle activity) is very
helpful and is essential for the detection of artifacts of a bio-
logical nature. Although some artifacts can be identified by
automated artifact rejection mechanisms, even under the best
of conditions these procedures will commonly miss a substan-
tial portion of such artifacts. Careful screening of all of the raw
EEG is mandatory for all analysis systems.

A most persistent source of artifact, particularly in electro-
physiological studies of cognitive and affective processes, is mus-
cle activity. Unfortunately, simple filtering will not eliminate this
form of artifact. The major reason filtering is not effective is
that the frequency spectrum of electromyographic activity is very
broad, with the lower end intruding on the traditional EEG fre-
quencies, even down into the alpha band (e.g., Cacioppo, Tas-
sinary, & Fridlund, 1990). Thus, an investigator interested in
examining power in the alpha (8-13 Hz) and beta (13-20 Hz)
bands cannot have a simple low-pass filter set at 40 Hz and
expect to exclude electromyographic (EMG) activity. There will
be activity below 40 Hz that is myogenic.

In some situations, muscle activity may be minimized by hav-
ing the subject actively relax the involved muscles or by forced
contraction followed by relaxation of these muscles. These pro-
cedures may be used in conjunction with visual editing of the
data to exclude all portions of the record that contain visible
muscle artifact. For certain types of experiments during which
muscle activity is minimal and/or very large quantities of data
are recorded, this strategy would be acceptable. However, for
studies where an investigator might be interested in extracting
brain activity coincident with facial expression, for example, this
procedure would be exceedingly costly because a large percen-
tage of the data would be excluded. To deal with this situation,
Davidson (1988) developed procedures for statistically partialling
out muscle activity from the EEG. In principle, the method is
based upon frequency domain procedures that have been devel-
oped to remove EOG artifact (e.g., Woestenburg, Verbaten, &
Slangen, 1983). This method samples the EEG at a sufficiently
high rate to derive a measure of power in a high-frequency band
that is exclusively myogenic, for example, 2 ms per point, with
a Nyquist frequency of 250 Hz. Low-pass anti-aliasing filters are
set at 200 Hz to obtain a measure of power in the 90-150-Hz
























