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Current research and clinical practice employing EEG biofeedback involves a variety of
complex instrumentation. This paper describes the conceptualizations involved in the develop
ment of such instrumentation and provides a description of different methods, including analog
processing, digital processing (spectral analysis), and zero-crossing methodology. The advan
tages and disadvantages of each methodology are considered, as well as factors relating to
difficulty of design, data acquisition, and cost. A detailed description is presented of one
system that allows for extraction of a small signal (sensorimotor rhythm) from high-amplitude,
mixed-frequency background EEG and provides feedback for this activity in the absence of
specific artifacts and EEG frequencies for which specialized circuitry has been developed.
Problems related to methods of feedback display are considered.

During the past 10 years, there has been a rapid
development of methodologies designed to detect and
feed back signals derived from the EEG of both human
and animal subjects. Work with humans using this
methodology began in the late 1960s with the early
work of Kamiya (1969) and his colleagues for the
control of human alpha (8- to 13-Hz) activity. Since
that time, a great many new applications have been
developed for EEG biofeedback; for example, con
trolling intractable epileptic seizures or hyperkinesis
(Lubar & Bahler, 1976; Lubar & Shouse, 1976, 1977).
The assessment of learning disabilities and minimal brain
damage (John, 1977) and a variety of other applications,
ranging from general relaxation to management of
specific psychophysiological disorders, involve EEG
analysis for biofeedback training.

In this discussion, we look at the various methods
that have been developed for abstracting from the
complex raw EEG-specific information dealing with
frequency, amplitude, or patterns of activity, and we
examine the methods used for feeding this activity back
to the patient or subject in a meaningful and compre
hensible form. We will consider zero-crossing methods,
analog and digital processing, spectral analysis, and
combined methodologies. Behavioral factors, such as
the efficacy of analog vs. digital feedback for learning,
the problems of artifact rejection, and a general discus
sion of the state of the art as far as EEG biofeedback
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methodology is concerned will be included.
A related type of neural activity that will not be

discussed is the use of the evoked potential. Numerous
studies by Donchin and Cohen (1967), John (1977),
Regan (1972), and many others have shown that the
evoked potential (EP) carries a great deal of specific
information related to the transmission of sensory
information at various relay stations from peripheral
receptors to the cortex. Later components of the evoked
potential carry information about the integration of
sensory information and perceptual processes and the
coordination of this information with efferent systems
and, perhaps, with memory mechanisms. Research in
this area has significant promise for diagnostic and
therapeutic applications and should add much to our
understanding of the relationships between sensation,
perception, and cognition. It appears that the character
istics of the EP, that is, the amplitude, form, and latency
of its components, may have diagnostic value for such
areas as minimal brain damage, senility, and, perhaps,
organic brain damage syndrome, independent of age of
onset. The initial components (the far-field EP) in
audition have been used for the assessment of acuity
and, in the case of vision, for refraction. In the past,
this has been carried out by tedious psychophysical
determinations. Now, however, EP techniques can be
used with brain damaged individuals who cannot
communicate normally with the examiner. Early work
by Rosenfeld (1976), Rosenfeld and Fox (1971), and
others have shown that specific components of the EP
can be conditioned, and although biofeedback of this
type is in its early stages, future work in this area holds
great promise for the management of severe brain
disfunctions that involve inability to process sensory
information accurately and rapidly.
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DETECTION OF SPECIFIC PATTERNS OF EEG
ACTIVITY-GENERAL CONSIDERATIONS

The EEG is a continuous analog signal, complex and
heterogeneous, and it seems to vary randomly to the
untrained observer (Andersen & Andersson, 1968).
The complexity of the signal insures that no two epochs
of a recording will be identical. Discrimination of
specific patterns in such a signal is most challenging.
Systems accomplishing such a task function on a
probabilistic basis, continuously inspecting the signal
and making affirmative responses (reinforcements)
only at such times when several preset criteria are met.
The requisite is that the system be simultaneously
sensitive to several dimensions of the signal. Presently,
there are at least three different methodological
approaches that enable experimenters to make the
desired discriminations in the EEG signal. These differ
mostly in their associated subsystems and hardware.
At the conceptual level, the subfunctions are strikingly
similar.

Frequently used schemata are the analog, time-period
(zero-crossing), and digital approaches. No one method
is clearly superior to the other. They have very different
profiles of strengths and applicabilities. To incorporate
one to the exclusion of the other necessarily involves
a significant tradeoff. The efficacy of the individual
methodology is largely determined by the desired
application. These methodologies are not at all equiva
lent in what they allow the experimenter or therapist
to do. Along with this realization, we examine three of
the more important considerations that aid in selecting
an optimal methodology.

A most useful descriptor of the first category is
"datability," which is a measure of the ease with which
a given method yields meaningful data. Datability is
directly related to the resolution and quality of the
dependent variables yielded by our equipment. A
second factor is "behavioral efficacy." The EEG signal
is very slow compared to other electrical events. Any
analysis and quantification of such signals requires
enough time for the analytical system involved to gather
an adequate sample of the signal. The time required
for this must be added to the internal response time of
the system. The total response time becomes an
important factor when one remembers that this system
is related to a living, behaving organism in the real world,
who is trying desperately to "make sense" of the
growling or warbling tone, beeps, clicks, and undulating
lights. The extent to which these independent variables
relate to the animal's or person's behavior is most
important in bringing that behavior under operant
and/or volitional control. The extent to which the
throughput or response time of a system approaches
real-time is most important to the subject and the
success of the experiment or therapeutic regimen. The
measure of this property is behavioral efficacy, and it

is most important in biofeedback. The third and final
consideration, ease of implementation, includes factors
such as cost, hardware involvement, and so on.

The three methodologies have strong functional
parallels in internal architectures. Drawing from these
parallels, a generalized system can be constructed that
will facilitate our understanding of the systems in use.
Figure 1 is a block diagram of the conceptual system.
This system does not include additional parallel channels
for artifact detection and inhibition.

In general, the signal is introduced to a high-quality
differential amplifier through two or three electrodes.
Animal experiments almost always involve implants
with sites on the skull (bone screws), dura mater (silver
ball electrodes), or in deep structures of the brain itself.
These preparations are close to ideal for both cortical
and subcortical recordings and generally yield relatively
high voltages in the absence of extracortical potentials,
the primary sources of artifact. The three different
methods have widely varying tolerances to artifacts.
The first division of the generalized system deals with
these artifacts and imposes limits on the signal in very
specific ways that compensate for inherent deficiencies
of the method. For example, time-period analyses are
not sensitive to transients in the recording and do not
respond to or "see" fast signals riding on high-voltage
slow waves. If it is our goal to detect activity of this
nature, the zero-crossing system detects it sporadically,
introducing a random or intermittent schedule of
reinforcement that could have disastrous effects on an
experiment or treatment. The analog methodologies rely
on filters that respond poorly to high-voltage transients,
frequently indicating that there is activity within its
bandpass and often falsely rewarding the subjects.
Here, amplitude-limiting circuitry is indicated and would
be included in the circuitry in the signal-preprocessing
box of Figure 1. Finally, digital methodologies, generally
computer based, use a sophisticated time sampling of the
signal. The EEG voltages are sampled at regular intervals,
stored in digital form, and, after several hundred have
been accumulated, are subjected to a mathematical
transform that constitutes the analysis.

At first glance, the latter would seem to be the

Figure 1. Block diagram of a basic biofeedback system,
showing elements for input and preprocessing, discrimination,
and display of information for the subject.



"purest" technique, since we have the capability of
preserving information on the simultaneous frequency
and power of the spectral components of the EEG.
However, this methodology also needs preprocessing
and signal processing to establish a necessary frequency
window. The properties of the frequency window are
determined by the sampling rate, which in turn is
determined by a simple relationship between the
sampling rate and the maximum frequency of interest
of the investigator. Failure to observe these limits results
in "aliasing," which causes a spuriously high indication
of low-frequency activity. Preprocessing, then, serves a
protective function for all of the methodologies, that is,
limiting the amplitude for the analog system, attenuating
the lower frequencies for zero-crossing systems, and
combining frequency and amplitude limitations for
digital analysis. Amplitudes must be limited in the latter
technique, as high transient voltages may cause an over
flow of the analog-to-digital (A/D) converter or may
cause the A/D converter to generate spurious results.

Moving to the second stage of the discrimination
process, there is a form of parallel processing where
simultaneous inspection of amplitude and frequency
of the signal occurs. Such an arrangement allows the
investigator to specify or preset both a frequency and
an amplitude criterion for the desired waveform. For
example, at this point, the requirement to attend only to
activity (I) exceeding 15 microV and (2) occurring in
the frequency range of 12 to 15 Hz might be imposed.
When both Conditions 1 and 2 are "true," a suitable
signal is sent to the criterion-detection system.

Quantitative specifications are made by the criterion
detection system. Generally, these specifications are
directly or indirectly related to the amount of energy
present in the signal. Analog systems easily accomplish
this with integrator circuits that integrate the energy
coming from filters. Zero-crossing systems inspect for
a given number of criterion pulses in a unit interval.
The digital system, through its programming or software,
inspects coefficients corresponding to the magnitude of
frequency components, which in turn relate to actual
power.

The criterion-detection system is important for the
behavioral efficacy of the system. There are two kinds of
criterion-detection systems. The first is the GO/NO-GO
system, which essentially is binary feedback. This system
informs the subject that he has or has not met criterion.
The other alternative is to provide the subject with
analog or continuous feedback of his performance. The
different methodologies inherently align themselves
with one or the other kind of feedback. Zero-crossing
techniques are especially well suited for binary feedback
schemes; analog analysis can generate either. Digital
methods can generate any combination but often have
the disadvantage of delay due to data collection and
analysis.

Time-period analytic techniques yield clear and
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concise data, but the data is most dichotomous. For
example, using these techniques, one can specify with
great precision the percentage time or number of
seconds per unit time that 12- to 15-Hz activity exceeds
10 microV. The dichotomous nature of this kind of
analysis is obvious. But does this data yield an accurate
picture of the phenomenon? The final answer depends
on the experimental design and subsequent analysis.

Analog methods, on the other hand, offer tremendous
continuity in data. The problem is that sophisticated
support equipment is often necessary to translate the
varying voltage levels into meaningful numerical data.
Adequate precision is achieved only with considerable
complexity.

The digital technique yields data that allow the most
accurate reconstruction of the original signal. The data
reduction required to comprehend the results, however,
can obscure important aspects of the signal under
analysis. Also, it is a technique so prolific in numeric
data that, frequently, the best way to interpret it is in
graphical form, which does not utilize the high precision
of the data. However, given the enormous complexity
of the signal being monitored and the great quantity
of numeric data provided, the merits of the digital
techniques are obvious. These measurements, however,
frequently require data rates exceeding 250 samples/sec.
Patient feedback can be any combination of binary or
analog information.

ANALOG METHODS OF DISCRIMINATION

The strengths and weaknesses of analog processing
techniques lie with the heart of the system: the filter.
The filter circuit extracts the activity of interest and
excludes all other activity. The range of frequencies to
which the filter is sensitive is its bandpass. Virtually all
filters currently produced are active filters incorporating
operational amplifiers and are seen in Butterworth,
Bessel, Chebyshev, and elliptic configurations. These
descriptors refer to the flatness of the response curve of
the filters within the bandpass. Filters are parametric
nightmares, since there are a large number of relevant
parameters that enter into an adequate set of specifica
tions for a filter. Furthermore, all of the parameters are
interactive, so that in the design and construction
of a filter, one parameter cannot be changed without
affecting several others.

The most stringent demands exerted by biofeedback
applications are for high selectivity (the ability to reject
frequencies relatively close to the bandpass, referred to
as the stopband) and superior transient response. A filter
having good transient response will not "ring" as a result
of high-voltage activity at its input, indicating the
presence of activity within the bandpass when there is
none. These high voltages are artifactual and usually due
to extracranial potentials. Ringing can be reduced or
eliminated by increasing the damping of the filter.
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DIGITAL METHODS

Figure 2. Response of a 12- to 15-Hz 16-pole elIiptic filter
used for detection of sensorimotor rhythm. This is a computer
generated response curve, representing filter output as a function
of broad-band white-noise input for a S-min epoch. This filter
has an extremely sharp rolloff of 80 dB for the first octave, and
a center frequency of 13.5 Hz.
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High degrees of analytical speed and precision can
be achieved using digital logic in various detection
schemata. These methods, sometimes called digital
ftltering (a serious misnomer), are based on the inverse
relationship between the EEG signal frequency and the
time period of each cycle. Thus, the time-periodic or
zero-crossing technique is an instantaneous cycle-by
cycle analysis.

At first glance, zero-crossing techniques seem to be
the solution for biofeedback, since they are not subject

absolute value (full-wave rectification) followed by
analog integration of the output. Analog integrators
are rarely monotonic in their output. When there is little
or no input, they "leak" or show a slowly declining
output. Such a process is called a pseudointegration
and is similar to a moving average. When proper circuitry
for artifact inhibition is included, the output of the
pseudointegrator is appropriate for patient feedback,
as it is continuously related to the amount of energy
present in the bandpass of interest from the EEG.

Pseudointegrators can be reset to a zero voltage when
a preset output voltage is seen by a Schmitt trigger, then
allowed to reaccumulate, or they can be allowed to
maintain an output level proportional to the averaged
input, which is monitored by a Schmitt trigger for
feedback and/or data purposes. Presentation of feedback
to the subject from the former system could have a
digital or binary quality if desired, as contrasted with
continuous feedback from the latter system.

Feedback control from analog circuitry is not new
and can consist of tones, tonal shifts, lights, and so on.

Damping is a measure related to the filter's tendency
to oscillate at its resonant frequency. However, it is
also directly related to a filter's selectivity. Increasing a
filter's damping reduces its selectivity. To complicate
matters, increasing damping also increases a filter's
response time (Lancaster, 1975). A heavily damped
filter responds much more slowly to activity in its
bandpass; consequently, overdamping a filter can remove
its output from real-time. There are critical tradeoffs
to be made in tenus of selecting optimal damping,
selectivity, and other filter characteristics. Optimization
of these parameters has a significant effect on the
selection criteria for biofeedback equipment involving
datability and behavioral efficacy.

Our laboratory instrumentation has included a variety
of active filter configurations. The elliptic filter was.
superior to others. The characteristically sharp rejection
skirts and flat bandpass response combined with proper
damping combine to make the elliptical filter an
excellent filter for biofeedback. The internal design of
the filter that yields these desirable characteristics also
allows the filter's attenuation to decrease in regions
of the stopband far removed from the bandpass. A
power spectral analysis of a 16-pole commercially
produced elliptical filter is shown in Figure 2.

Note the flat bandpass, sharp skirts, and small
stopband sidelobes that are characteristic of elliptical
ftlters. The decreased attenuation of the activity in the
stopband region is not a serious concern because EEG
activity does not occur in amplitudes sufficient to affect
the filters' output in the stopband regions.

Care should be taken in designing the necessary pre
processing circuits for analog filters to include a
mechanism to limit input voltages and thus prevent
filter ringing. "Hard limiting" (clipping) chops voltages
off after a certain input amplitude has been reached.
Square waves are a natural result of such a process.
Distortion of this nature changes the frequency content
of the EEG and can be a significant source of error.
Consider the 4- to 8-Hz high-voltage activity seen in
the epileptic EEG. Clipping such activity generates
harmonics that occur in the 8- to 14-Hz bandpass,
which includes the region of interest for SMR training
(Lubar, 1977). Artifact generation of this kind within
biofeedback equipment is quite possible and very
serious. One solution is a form of amplitude limiting,
or "soft clipping," which gradually rounds off the high
amplitude signal, rather than abruptly clipping it. Soft
clipping distorts the signal, but only at amplitudes due
to extracranial sources. Further safeguards include
inhibiting circuitry that inspects the raw EEG for some
preset maximum amplitude. Upon detection of this
condition, the circuitry inhibits both data acquisition
and feedback to the patient to eliminate false positives.

Analog detection techniques are rather simple. These
methods frequently involve additional analog circuitry
that translates the filter output into its instantaneous
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to ringing or poor transient response. There are no
problems with damping, so the digital system can
initiate a response immediately after a single cycle of
desired activity has occurred. The zero-crossing equiva
lent of the rejection skirt is infinitely steep, achieving
tremendous discrimination. This method is capable of
discriminating 14.95 Hz from 15 Hz with little difficulty,
provided the signal being analyzed contains only one
frequency. An additional advantage is that the digitally
implemented time-periodic technique is easily gated to
inhibit feedback when extracranial potentials interfere
with the record. The basic properties of these methods
earn high ratings in datability, behavior efficacy, and
cost.

Time-periodic techniques, however, are not without
a "tragic flaw." The front-end inspection made by the
Schmitt trigger sees only crossings that occur at its
preset threshold, usually 0 V. Frequency analysis of a
pure sinusoid can be done perfectly by time-periodic
techniques. Complex waveforms, such as the EEG,
frequently include low-voltage high-frequency com
ponents riding on high-voltage low-frequency complexes.
The high-frequency components, removed from the
0-V baseline, are not apparent to the time-periodic
discriminator and, therefore, have a low probability
of detection. In addition, the presence of high-frequency
activity at the zero-crossing portion of the slow wave can
alter the period measurement of this lower frequency
component.

Preprocessing for zero-crossing techniques can
alleviate this deficiency. If a very broad bandpass or a
high-pass filter is used in conjunction with the zero
crossing system, the low-frequency activity can be
attenuated, enabling detection of the high-frequency
components. Likewise, a low-pass filter can be used to
facilitate measurement of slower wave activity. Broad
filters can be designed with no ringing or damping
problems. Such design, however, diminishes some of
the flexibility inherent in the zero-crossing approach.

The actual implementation of the zero-crossing
technique is rather simple. Commercially available
instruments (e.g., ORTEC Corporation Model 4672
instantaneous frequency-time meter) make direct
cycle-for-cycle conversions of frequency into a propor
tional voltage. Single-channel analyzers or window
discriminators (instruments designed to monitor activity
occurring in a preset voltage window) are used in con
junction with the instantaneous frequency-time meter.
The function of the window discriminator is to establish
a frequency window that is the equivalent of a filter's
bandpass in an analog system. A digital output pulse
occurs when there is a single cycle of activity in the
criterion frequency window. A significant advantage is
that multiple-window discriminators can be used to
monitor the output of a single frequency-time converter.
Thus, several band passes can be established with a single
converter. The only caveat is that preprocessing can

obscure some of the activity and, therefore, must be
taken into account.

Criterion detection is also rather simple. For instance,
to detect a 10-Hz alpha spindle, the window discrimin
ators are set to give output pulses with the occurrence of
8- to 12-Hz activity. When alpha occurs, a pulse from the
discriminator starts a clock and, at the same time,
increments a numerical accumulator or counter. If we
have set a numerical criterion of five pulses and a
simultaneous temporal criterion of 500 msec, then only
an alpha spindle could meet these criteria. When the
criterion is reached, both the clock and accumulator are
reset to zero, ready for more activity. On the other
hand, if only four pulses occur, the clock times out and
resets itself and the accumulator, since the criteria are
not met. Such a detector, sometimes called a "burst
detector," can easily be constructed from TTL logic.
The burst detector is not perfect, as there are situations
where nonspindle activity may start the clock, immedi
ately followed by actual spindle activity. Or, if the
spindle is short, it would be impossible for the numerical
criterion to be met, although a real spindle occurred.
These occurrences are rare and our laboratory experi
ence has shown a very high correlation between feed
back and what is actually happening in the EEG. The
feedback from these methods is necessarily binary in
nature; that is, either a spindle occurred or it did not.
We have found that it is most effective to give two
channels of feedback, one driven by the pulses from
the window discriminators and one driven by the
burst detector. Such feedback allows the subject to
successively approximate what must be done to produce
a burst or spindle.

DIGITAL FILTERING TECHNIQUES:
FOURIER TRANSFORMS

Bandpass filters built around operational amplifiers
have a defmite transfer function. The gain of the filter
changes as a function of frequency. The filter and its
components operate as an analog computer, computing
the desired transform function in analog form.

Similarly, digital computers can accomplish the same
function by doing numerical transforms on data epochs
of various lengths. These methods have been used for
off-line analysis since the early 1960s, but because of
the high expense and involved hardware and software,
they have not found their way into more modest
research facilities (Buchsbaum & Copola, 1974). With
the increasing availability of low-priced, relatively high
speed computers, the use of these techniques is
beginning to increase.

The programs or software for these methods usually
perform the Fast Fourier Transform (FFT) (Bickford &
Fleming, Note 1). The FFT reduces signals (in our case,
the function is a series of digitized voltages from the
EEG signal itself), no matter how complex, to pure
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sinusoids and cosinusoids and their relative amplitudes
or power (Blackman & Tukey, 1958; Dern & Walsh,
1963). For example, it can be easily demonstrated using
a Fourier analysis that a square wave consists of a
fundamental frequency component and the addition
of odd harmonics, and that a sawtooth wave is a funda
mental and the summation of a number of even
harmonic products. Such a process is exactly what the
EEG researchers have needed since the beginning of
electroencephalography.

Algorithms for practical laboratory EEG analysis
have been written and are readily available. The better
algorithms are written for optimal computation and do
not readily lend themselves to understanding or even to
verbal description.

The computer itself internally manages all of the
functions of the system except preprocessing. The first
step in the analysis is to digitize the data. The EEG
signal is sampled at high speeds, typically 200 times/sec.
The analog voltages are converted to binary numbers
representing the amplitude of the signal at each sample.
These numbers are stored in the buffer section of core
memory. This data sampling continues repetitively until
a large number of data points have been gathered. The
number of points is predetermined by the software and
the particular computational algorithm. A sampling
epoch is the number of required samples multiplied by
the sampling rate. To shorten feedback response time,
it is desirable to have a small sampling epoch. However,
epoch lengths can only be reduced at the expense of the
statistical accuracy of the technique itself. In essence,
increasing feedback response time using Fourier-based
feedback decreases the certainty of the technique.
Algorithms in our laboratory use epoch lengths of about
16 sec. The statistical accuracy is enhanced by averaging
four 4-sec epochs. Therefore, our off-line analyses
provide suitable reliability only after 16 sec of data
acquisition. Compromises can be made in terms of the
epoch length and the number of epochs averaged for
biofeedback purposes.

Generally, the algorithm is executed after the data
has ftlled the buffer. New coefficients are not available
until the buffer has again filled, taking considerable
time. However, continual updating leading to a dynamic
FFT can be achieved if all the points are shifted one
address prior to each data sample. The last data point
in the array is discarded, creating a vacancy in the first
address for the new data. Such a process decreases the
response time and increases the behavioral efficacy of
the technique by eliminating the most objectionable
aspect of the approach.

To determine the required characteristics, the experi
menter specifies the frequency of interest (Fmax).
Sampling must occur at a rate of 2Fmax . Preprocessing
involves the use of sharp rolloff ftlters to insure that the
signal seen by the A/D converter contains frequencies no
higher than 2Fmax . Other precautions include methods

for controlling AID gains in such a way that the signal
amplitudes are converted into binary numbers of
adequate magnitude to insure reasonable precision, but
not so high that A/D overflow occurs. Considering the
dynamic range of the signals seen in the EEG, it is
recommended that at least a 12-bit A/D converter be
used for this technique.

Great promises are offered by hybrid computational
techniques. Hybrid schemata would include analog
ftlters for a "front end," and an A/D and microprocessor
system. Such a system would take advantage of the
rapid response characteristic of analog ftlters and the
high flexibility and datability of the software-controlled
microprocessor systems.

There are then three functionally different approaches
to signal recognition in the spontaneous EEG. All of
these systems have distinct proftles of strengths and
weaknesses. Selection of the optimal technique is
dependent on the research or therapeutic application.

DYNAMIC FOURIER ANALYSIS

Dynamic Fourier analysis has not yet, as far as we
know, been used extensively in either experimental or
clinical applications. A demonstration was observed at
the Biofeedback Research Institute of Los Angeles
in 1976, using a Nicolet Med 80 signal averager in
conjunction with an electronic device known as a shift
register memory. In this demonstration, the scalp EEG
from a pair of bipolar electrodes was FFT analyzed on
line. The epoch length could be chosen; typically, 10
to 20-sec epochs were used. While the first epoch was
being calculated and prepared for display on an oscillo
scope or TV monitor, the shift register advanced by a
preset amount, that is, .1 sec, and a second FFT was
calculated. This display was then rapidly added to the
previous one. This process continued until the end of
the session. If we consider, by analogy, each FFT
analysis to resemble a single frame on a moving picture
film and that these displays are rapidly sequenced, the
result is a dynamic moving display of undulating peaks,
the experience of which is most impressive. When the
subject closes his eyes, a large peak grows within .5 sec
from bipolar occipital leads at approximately 12 Hz,
representing alpha rhythm. Other peaks tend to be
suppressed. When the eyes are opened, the 12-Hz peak
"crashes" within .5 sec and peaks in the beta range and
other frequencies begin to appear.

The beauty of such a changing display, based on a
continuously updated FFT, is that it immediately shows
epileptogenic activity and shifts from alpha to beta, beta
to theta, and so forth. It could be elegant for studying
sleep staging and would provide a potent interactive
display for feedback purposes. Visualize a situation in
which a child is placed in front of a TV set with a color
display of this type. He is told to make a mountain at
15 Hz and a valley at 8 Hz, which requires him to train



beta and suppress theta activity. Such a display might
lead to much more rapid learning of the EEG task than
is presently possible, assuming it gave an accurate repre
sentation of the EEG. The dynamic Fourier display
overcomes the statistical disadvantage of dealing with
very short, discrete epochs. However, there is still a
delay between the information's being gathered and its
being presented to the subject. By careful manipulation
of the epoch length and the rate at which updating
of the display occurs, this can be minimized. It is
anticipated that such a methodology will be tested in
the near future, although at present, the computer
memory required for such an interactive display is quite
large by microcomputer standards. Also, a great deal
of peripheral equipment is needed for interfacing and
display purposes.

FEEDBACK DISPLAYS

Conventional feedback displays usually consist of
tones and lights. One of the simplest and most meaning
ful displays is an analog light of any desired color that
changes brilliance in synchrony with the envelope of the
processed EEG. Envelopes of different characteristics
can be derived by rectifying and integrating the output
of the active analog bandpass filters. The time constant
determines the degree to which this integration takes
place and whether or not the display responds to
individual waveforms. A visual analog indicator ideally
should have a smooth response. These are straight
forward to develop and tend to produce relatively rapid
learning. An alternative to a varying colored light is a
tone that changes in loudness, pitch, or some combina
tion of the two. Commercial systems have commonly
used analog feedback tones that vary in pitch with an
adjustable center frequency. Since a continually varying
high-pitch tone can be irritating after a short period of
time, pulsed feedback is sometimes used. The patient
hears an intermittent tone that changes pitch in propor
tion to the frequency of the EEG. The tonal pitch can
be made to vary either directly or inversely, that is,
increasing pitch with increasing EEG frequency,
decreasing pitch with decreasing EEG frequency, or
vice versa. Additionally, loudness can be varied as a
function of the amplitude of the EEG. If desired, both
the pitch and loudness dimensions can be calibrated
against microvolt levels using sine-wave signal generators.

In addition to these displays, additional lights can be
used to signal the presence of undesirable frequencies,
that is, EMG activity and/or gross body movement.
These may take the form of monitors or inhibitory
circuits. (An example of an inhibitory circuit will be
presented later.) At present, feedback displays consist
primarily of lights and tones of different intensities,
duration, colors, and pitches. These are acceptable for
most adults, but children require more stimulating
displays. The dynamic Fourier display described
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previously might thus have potential for children. With
the advent of TV games, one can visualize displays
controlled by varying EEG parameters. Novel displays
may help deal with such complex problems as hyper.
activity, specific learning disabilities, short attention
span, brain damage, and mental retardation.

Some EEG displays are of the nonanalog type and
involve a single tone or light that comes on when a
preset criterion has been met. These have the advantage
of being very simple and of clearly informing the subject
when he has done the right thing. They also have the
disadvantage that one can come close to the threshold
criterion without realizing it. Perhaps the combination
of analog displays with discrete digital type displays may
lead to optimal learning. Although controlled studies
have not been done, our observations during 5 years of
work with epileptics and control subjects indicate that,
for conditioning 12· to 15·Hz central sensorimotor
rhythm, more rapid learning takes place when analog
or a combination of analog and discrete feedback is
used.

One other consideration in any training situation is
the length of the training period. Most investigators
work with 3D-min sessions; our experience with adult
epileptics indicates a limit of 30 min before drowsiness
occurs. It is probably better to use 15- or 20-min
sessions with retardates, hyperkinetic children, and
children with learning disabilities. Daily IS-min sessions
may produce better results than 3D-min sessions held
three times a week. Unfortunately, controlled para
metric studies on these important issues have not yet
been carried out, but meaningful answers to these
questions can be gleaned from a great many case studies
that have been reported in the biofeedback literature.

ILLUSTRATIVE EXAMPLE OF A COMPLETE
BIOFEEDBACK SYSTEM

Figure 3 shows a complete system used for several
years for the management of severe seizure disorders
in human subjects. While not ultimate, this system
represents a very high level of sophistication in its
ability to detect a very low-amplitude signal. The
sensorimotor rhythm is usually less than 10 microV
peak-to-peak and very often in the 3- to 5·microV
amplitude range. The system can extract this signal,
even when it is riding on slow activity between 4 and
8 Hz having much greater amplitude (often exceeding
100 microV) and from background muscle activity,
which can be considerable in patients who have seizures.
The system illustrated in the figure has the further
advantage of including data acquisition and automatic
programming of the entire session. At the end of a
4D-min program length, a tone signals the session's end
and all of the components shut down. The system has
both analog and discrete signal detection, featuring a
combination of zero-crossing analysis with analog filters.
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Figure 3. Block diagram of a system used for conditioning of 12- to 15-Hz activity in epileptics and hyperkinetic
children. This circuitry involves multiple feedback, including feedback for the production of 12· to 15-Hz activity, 4- to
8-Hz slow EEG activity, and 3()' to 30().Hz EMGactivity, all recorded from bipolar scalp electrodes.

The raw signal from the contingent or trained
hemisphere is divided into three parts. For conditioning
purposes, the 12- to 15-Hz sensorimotor rhythm is
detected by an elliptic filter having -80-dB/octave
skirts. Slow activity is detected by a 4- to 8·Hz filter
with -24-dB skirts, and EMG is detected by a 30- to
300·Hz broad bandpass filter. Amplitude discriminators
can be set for all three filters. EMG and slow-wave EEG
activity are gated through a logic circuit to inhibit

feedback whenever that activity exceeds a preset level.
A red light comes on when the EMG is excessive and a
green light disappears when the slow activity is excessive.
These two contingencies occurring simultaneously or
individually inhibit the circuitry that controls the
advance of a display of colored lights used to indicate
that successive discrete criteria have been achieved for
12- to 15-Hz activity. Recent additions to this system
have made it possible to vary the green light as a
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function of amplitude of 4· to 8·Hz activity and to vary
the amplitude of the 12· to IS-Hz feedback light as a
function of amplitude of that activity. Paper-recorded
monitor channels are shown in Figure 4.

The master program control uses integrated circuitry
for logic and timing functions. Once started, a base
line period of 5 min is provided at the beginning and
end of the session when there is no feedback. Two
IS-min feedback sessions follow the first baseline
period, one for each hemisphere. The program auto
matically samples the EEG, if desired, or can cause the
polygraph paper-feed motor to run continuously. The
digital rate meter and printout control are commercial
(ORTEC Corporation) devices that can be set to record
data every 1 min, every 5 min, or at other intervals.
Typically, information is printed out once per minute
by Teletype, giving such parameters as the minute
number, the number of occurrences of 12- to IS-Hz
activity that have exceeded the amplitude criterion,
the percentage or number of occurrences of slow (4
to 80Hz) activity, and the percentage or number of
occurrences of feedback reward. The feedback is
controlled by an output device that controls colored
lights representing successive rewards for EEG criteria,
tones that accompany the sequential light display, a

digital display of the number of criteria achieved, and
the inhibitory feedback lights. It is also possible to
interface the feedback output section of this system
with a slide projector to display a slide screen chosen
by the patient once 10 successive criteria have been
met. This feature is particularly useful with children.
It is also possible to interface with a universal feeder
that delivers small objects or pieces of candy to the
child. It can be interfaced with a device to deliver
liquid rewards through a straw or tube. A compact
instrument utilizing all of these capabilities has been
designed and built for the Chileda Institute for Educa
tional Development at laCrosse, Wisconsin, and has
been used daily for the past year and a half to help
severely brain damaged, multiply handicapped children
who experience hyperkinesis and seizures.

FINAL CONSIDERATIONS

Over the past 10 years, major achievements in ampli
fier design have occurred. It is no longer necessary to use
expensive shielded rooms for EEG work. Amplifiers
now have far higher common-mode rejections, reducing
the need for 60·Hz notch filters. The input impedance of
such amplifiers are advertised as greater than 10 megohm,
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Figure 4. Paper channels monitored on a polygraph, showing various types of activity associated with EEG biofeedback condi
tioning, including contingent and noncontingent hemisphere raw EEG, instances, and burst criteria that are displayed as feedback,
slow-wave activity, EMG activity, and operation of inhibit channels. The lower tracing is a continuation of the upper one.
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and some even may be 100 megohm. Such systems have
the ability to function with poor electrode-to-skin
impedances, which occur in patients who have scalps
that are difficult to clean. These amplifiers perform
with skin impedances as high as 50,000 ohm, although
we prefer to reapply electrodes with readings greater
than 5,000 ohm. In the next few years, there will
probably be a move toward use of microprocessors and
even more advanced technologies so as to produce
microminiaturized instruments that can be used as
portable monitors. This would be particularly valuable
for epileptics and other patients with neurological
disorders that are reflected in EEG abnormalities.
It may even be possible to use these monitors in school
rooms to provide feedback that will help maintain
vigilance and increase attention span in learning-disabled
individuals.
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