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Current experiments '1se visual evoked responses using colored and patterne |
| visual stimuli, void at first of any cognitive or emotional content. In the
color experiments, both target and intensities in each color are varied
separately. From the ensemble of these experiments, tentative candidate |
EEG codes have emerged that appear to reflect three retinal processes (red-
green-blue). These are remarkable results since, while there is good evi-
dence for a trichromatic absorbing structure in the fovea, there was no indi-
cation that these processes would be reflected into scalp potentials.

Topological Dimensionality studies showed that red and green components, !
although close in timing, did behave in a clearly distinct manner. In addition |
the response of the dark adapted eye, a limit case in background levels, was
found clearly detached from the cluster in all cases. Simultaneously multi-
channel single epochs from the same experiments, have been analyzed off-
line using stepwise discriminant analysis. The stimulus sets have proven
extremely effective in providing on-line discrimination.

Data compression has been successfully achieved with the replacement of
the single evoked response by the point processes formed by the peak
instants in the positive or negative directions. This raises great hope that
a combination of short event detection with amplitudes at selected times
will provide encoding of the evoked response in a particularly economical
manner in man-machine communication.

The experiments have raised continuous challenges to the computer system
and required some additional developrmnts A "code cracking'' software
package has been successfully implemented on the IBM 360/91 at UCLA and
will be accessible through the ARPANET,.

The whole system has also beén re-evaluated in view of its potential role in
, the program of data sharing and interconnection between Biocybernetic
Laboratories. Special attention has been given to the articulation of the BCI
software package with software resources at MIT-MULTICS.

Supportive work at the University of Iowa is also reported. At present,
experirental work is directed at operant conditioning of the electroretinogram;
using rabbits &s a preparation. Of direct interest is the conditionability of
the B-wave or other components of the,ERG that hinges on the existence and
the function of centrifugal mechanismscapable of controlling some of the
retinal processes.
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| SUMMARY

This is a research program that seeks to incorporate EEG "evoked responses''
to complement overt behavior in specific man-machine communication schemes
) involving various aspects of decision making. Behind th: experimental strategy
is the view tha. the EEG in evoked responses is made up of a complex of wave-
lets that reflect individual and sequential events in the brain and in particular the
cerehral cortex. The rules for appearance of these elementary wavelets would
be the ''syntactic'' constraints upon a neuroelectric language with the wavelets
acting as individual signatures for various aspects of the neural transgictions
that follow presentation of a stimulus. Once identified, the reliability and
) stability of those signatures can be reinforced naturally in the man-machine
communication scheme, in a way amounting to operant conditioning. Thus the
approach is centered on sequential events of short duration in bio-electric
potentials and the relation between these sequences, behaviors and brain states.
Those could in fact lead to a new model for the phenomena of evoked responses

in the EEG.

¥ Current experiments are aimed at visual evoked responses using colcred and

patterned visual stimuli, void at first of any cognitive or emotional content.
Color flashes and natterns are choice stimuli that would provide potential sup-
port for non-verbul symbtols in a man-machine communication language. In
the color experiments, both target and intensities in each color are varied
separately. From the ensemble of these experiments, tentative candidate EEG 1
codes emerged that appear to reflect three retinal processes (red-green-blue).
) Best results have been obtained with a yellow background apparently because of
the rel-green depression caused by retinal adaption to yellow light. This
allows the blue component, which had been elusive before, to appear much more
clearly. These are remarkable results since, while there is good evidence for

) a trichromatic absorbing structure in the fovea, there was no indication that

these processes would be reflected into scalp potentials.

/
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Topological Dimensionality studies of the same data showed that red and

green components, although close in timing, did behave in a clearly distinct
manner. In addition the response of the dark adapted eye, a limit case in
background levels, was found clearly detached from the cluster in all cases.
Simultaneously multichannel single epochs from the same experiments, have
been analyzed off-line using stepwise discriminant analysis with and without
the detour of an orthogonal transformation. The results have been startling;
the stimulus sets have proven extremely effective in providing a quality of
discrimination that was unheard of with single EEG epochs, using only ten
amplitude samples. Various representations were attempted, among which
the replacement of the single evoked response by the point processes formed
by the instants at which a single epoch was displaying a peak in the positive
or negative direction. Cumulative histograms of those micro-events were
found to be as stimulus-specific as are the averages, and it appears that
some of the observed peaks correspond to the firing of specific nuclei. This
raises great hope that a combination of short event detection wita amplitudes
at selected times will provide encoding of the evoked response in a particularly
economical manner in man-machine communication. Already at this time,
even without the benefit of amplitude information the peak '""message' has
equivalent clarity or discriminability, when compared to the peak histogram,

than the single epoch with respect to the average,

The experiments have raised continuous challenges to the computer system
and require additional developments. The central software package has been
successfully implemented on the IBM 360/91 at UCLA and will be accessible
through the ARPANET. It consists of a sequence of '"code cracking! programs
operating on epoch oriented data that will be ultimately used interactively,
Several hardware improvements were made on the indigenous laboratory com-
puters and the high-speed link that connects the laboratory to the 360/91.

A tape drive and line printer controller were added to the SDS 920. Long
vector hardware was successfully retrofitted on the IMLAC PDS-1 to allow
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the creation of pattern stimuli under computer control.

Following recent directives, the whole system has been re-evaluated in view

of its potential role in the program of data sharing and interconnection between
Biocybernetic Laboratories, Special attention has been given to the articulation
of the BCI sc/tware package with software resources at MIT-MULTICS. Finally
a remote hardwired terminal conrection between CCBS and BCI has been

implemented and is now in operation.

Supportive work at the University of Iowa is also reported. At present,
experimental work is directed at operant conditioning of the electroretinogram
using rabbits as a preparation. Conditionability of the B-wave or other com-
ponents of the ERG centers on the existence and the function of centrifugal
mechanisms capable of controlling some of the retinal processes. Instru-

mentation as well as programming for on-line processing and stimulus presen-

tation have neen completed.
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HUMAN EVOKED RESPONSE EXPERIMENTS-UCLA

In 1929 Berger demonstrated the possibility of recording brain
waves from the intact skull. Since then, an enormous amount
of brain wave data covering a variety of conditions has been

accumulated by neurophysiologists, and in recent years, com-

puters have been used extensively for analysis.

Overall characteristics of these fluctuations of electrical poten-
tial can be somewhat predicted in relation to the electrode site,
the mental state of the subject, and the presence and type of sen-
sory stimulation. Some of those characteristics are readily
identified by eye. Well-known examples are recognition of alpha
activity and the phenomenon of alpha blocking, sleep and barbi-
tuate spindles, and the 3-per-second spike and wave complex of
petit mal epilepsy. More subtle information in the EEG signals,

however, requires computer analysis.

This ""spontaneous' or '"on-going' electrical activity is somewhat
rhythmic in nature. The analysis of these rhythms has retained
much of the early attention paid to brain waves in general, Yet

it is increasingly evident that rhythmic activities contain little
information in themselves and that their function is probably
similar to that of a carrier. The general picture is that idle
nervous tissue will exhibit spontaneous oscillation or rhythm while
activity or commitment of the same tissue to an active function

will be denoted by desynchronized random-like oscillations.




Beyond gross differentiation of brain states, it seems that

information coding in the EEG wave should be sought in the
specific waveforms generated in time. By contrast with the
wide spread character of oscillations, the wave shapes obt ained
with "evoked potential" are localized and corre spond well with
underlying post-synaptic potentials. Evoked potentials

(evoked responses) are generally obtained with a light flash,
brief sound, or touch of the skin which generates in the cor-
responding sensory cortex (visual, auditory or some sthetic),

a localized electrical response in the form of an aperiodic wave-
form lasting up to half a second and superimposed on the on-
going background activity. In general, repeated stimuli and
averaging of the waveforms have been used to reveal the

"evoked' response by cancelling the background ''noise'.

Indeed early investigations in 1965 by Fox and O'Brien resulted
in the demonstration that stimulus-evoked potentials were

directly related to the probability of firing of any particular

cell in the area of population included in the brain wave recording.

Specifically, the studies showed that in these cortical cells,
the probability of firing could be described almost precisely by
the shape of the slow wave associated with that same electrode.
Thus, the relationship between single-cell spikes and evoked

potential was dramatically clarified.

Fox and Norman demonstrated that the spike-wave relationship
would also hold for spontaneous activity of the cortex, The next
step then was to determine if these potentials might represent

behavior, based on these earlier studies which showed that the




moment-to-moment changes in amplitude and polarity of the

slow activity of the brain represented moment-to-moment

changes in probability of firing of single cells.

To achieve this took a novel approach. Fox and Rudell for the
first time used operant reinforcement techniques to increase or
decrease the probability of occurrence of some component of

the visual evoked potential. This they claimed was tantamount

to asking the animal whether, under reinforcement control, it
could increase or decrease the probability of some aspect of his
brain wave. In turn this was equivalent to asking whether or

not the animal had any behavior available for reinforcement,
which utilizes, encodes or is represented by the particular aspect

of brain activity chosen.

To pursue the study of this brain-behavior relationship to time-
dependent behaviors, Rosenfeld and Fox trained unrestrained

cats with implanted electrodes to make discrete paw movements.

At the same time the mixed sensory-motor potential was recorded
in the cortex. These data, treated correlatively, showed a relation-
shLip of early waves and early portions of each movement and of

later waves and later portions of each movement, but relative

independence of early and late measurements.

In the second part of these experiments a particular aspect of the
movement-evoked potential in the cortex was chosen and by
reinforcement control, the animals were trained to increase the

probability or amplitude of this particular component of the brain

wave. Exactly in accordance with prediction, the animals, when




this training was accomplished, altered some aspect of their

limb movements. To the discrete changes of the cortical

evoked potential associated with movement,corre sponded some

discrete and finely detailed changes in some aspects of the move- '
ment of the limb, showing that spontaneous activity of the brain

from moment-to-moment encodes function and the sequential

probabilities of single-cell firing were functionally represented

by the sequential and momentary changes in brain waves. More

important, moment-to-moment changes in behavior were dis-

cretely reflected in moment-to-moment changes in sequential

brain waves.

These findings in animal studies are very significant insofar as
they point out the functional meaning of the ''gross" EEG potentials
’ generated by populations rather than single neurons. In other
words, at least in some conditions, the neural "roar'" does not
cancel out into hopeless noise. With humans and without im-
planted electrodes, the difficulties are certainly compounded.
But in compensation more avenues are open for operant condi-
tioning, a technique that may well be the key to success in identi-

fying the EEG 'codes''.

A starting point in this study was the recognition that different
stimuli with specific set of features evoke distinguishable electri-
cal ""signatures' on the scalp. For instance, the response to the
brief flashing of a figure made of vertical lines will yield a wave-
form markedly different from that obtained from a set of circles.

In fact, the presence in the evoked waveforms of clear correlates of

) the modalities of sensory stimulation has been abundantly demonstrated.
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Of particular interest are studies dealing with visual stimuli

(White and Eason, 1966; Harter and White, 1968, 1969; Clynes

and Kohn, 1967; Rietveld, et al, 1967; Spehlmann, 1965;
Spekreise, 1966). The evoked electrical signature on the

cortex does however include more than a mirror conversion

of the stimulus content. In fact only the early part of the response
appears to be directly stimulus bound, while the ''late' com-
ponents appear to relate to more complex brain functions re-

lated to the stimulus such as its perception and meaning.

The general approach was defined as follows in the original
proposal: First, stimulus sets are selected that span some
""dimensions'' expected to elicit neural correlates, that is,
changes in evoked response. Next, wave components in

the neural response are identified that appear to correlate

with each stimulus dimension, thus providing a first identi-
fication of the '"candidate'' code, along with its sensitivity

and stability. In this phase the model-free topological dimen-
sionality aralysis is applied to the data to reveal its parametric
dimensicnality in relation to each stimulus dimension. Out-
come ''candidate'' waveforms or parameters are then isolated
and compared from subject to subject. For each subject the
reliability and stability of the emerging dimensions must be eval-
uated in repeated experiments. As the initial bioelectric con-
figuration emerges from dimensionality analysis, an interactive
closed loop mode is entered. Operant conditioning techniques

are applied to individualize and sharpen these waveforms.

o .
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Current experiments are aimed at the conditioning of selected

attributes of visual evoked responses and are using colored and
patterned visual stimuli, (void at first of any cognitive or emotional
content). Color flashes and patterns are choice stimuli that would
provide potential support for non-ve rbal symbols in a man-machine
communication language. Eventually the cognitive or emotional
content of the stimulus was to be considered (e.g. whether the sub-
ject has directed his attention towards a specific feature in the com-
plex stimulus, or whether the occurrence of the stimulus represents
a gain or a loss in a game playing situation--or whether the stimulus
is varied in a dimension varying from pleasant to aversive). These
extensions were to be attempted at the end of the second year and

would continue throughout the third year.

This calendar is being followed. The bulk of experiments has been
conducted with coiored flashes and more recently patterns, that

is, stimuli that are at the same time dimensionally rich and struc-

turally simple.

A brief review of the basic laws of color vision will be given next as
an introduction to the experiments on evoked response to color.

TRICHROMATICITY

The essential trichromaticity of color vision has been demonstrated
by the results of color mixing experiments using the most powerful
psychophysical technique for making color judgment, which is to use
the eye as a null instrument. Any spectral color can be matched by
the proper mixture of any three colors, providing that none of the
colors chosen as primaries can be made by mixing the other two.
No matter what three colors are chosen as primaries, however, it

will always be necessary to assign a negative coefficient to one of them
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i.e. add some of it to the match in order to bring it within reach of

the giver 3-color system. Red, green and blue are usually chosen as
primaries because a wider range of colors can be made using only
positive coefficients. In mathematical terms, if X is any color, and
A, B, and C are primaries, then we can alwavs find coefficients a,
b, and c such the X = aA + bB + ¢cC. Furthermore, if we make
another color Y with different amounts of the same primaries,
Y = a'A+ b'B + c'C, then it turns out that the mixture of the two
lights X and Y to make color Z is obtained by taking the sum of the
components of X and Y:

Z=X+Y=(a+ a%A+ (b+ b")B + (c + c")C.
So the laws of color mixture are just like the mathematics of the
addition of vectors. Represent everything on a pline by reducing
all colors to the same intensity makinga + b + ¢ = 1, to get the

standard chromaticity diagram, Fig. 8.1

It follows that the color obtained by mixing a given two will be some-
where on a straight line connecting the two points, for example a fifty-
fifty mixture would appear halfway between them, and so on. Jf we
use blue, green, and red as primaries then all the colos that can be
made with positive coefficients will lie inside the dotted triangle. The
curved boundary line is the locus of the pure spectral colors, and the
area within this boundary contains all the colors that can be made with
lights, with white at the center. The colors outside the boundary can-
not be made with lights, and are never seen, except perhaps in after-

images.

The simplest theory of the mechanism of color vision, proposed by
Young and Helmholtz, postulates that there are exactly three different

receptor pigments in the eye, which respond maximally to, say, red,
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green, and blue wavelengths. These three channels of information
are then processed somehow by the visual system so that colors can be

perceived.

The laws of color mixing can be demonstrated to be a consequence of
this proposition, but since we can make any kind of linear transforma-
tion of the color coordinates that we want, we cannot determine uniquely
what the three receptor absorption curves are simply on the basis of

color mixing experiments.

COLOR RECEPTORS

For several decades a number of workers have focused their attention
on the problern of determining the nature of the visual photopigments.
The most delinitive data has come fromn the microspectrophotometry
of Marks, Dobelle, and MacNichol, in 1964, and similar work by
Brown and Wald, 1964, Marks et. al. (1964) present data from measure-
ments taken on ten primate cones and two human cones from the para-
foveal region. Their procedure included the use of an ""end-on" pre-
paration of retinal receptors, so that the measuring light beam passed
through the receptor in the normal direction. They simultaneously
passed a reference beam through a ''blank' spot in the preparation,
and the ratio of the intensity of the two beams was measured auto-

matically over the range of 390 nm to 670 nm.

An overview of the results, including primate cones, reveals three
major classes of receptors with maximum absorption at about 445,
535, and 570 nm. One of the human cones showed maximum absorp-
tion at 457 nm, indicating that it was a mediator for blue sensation.
The other human cone tested by Marks, et. al. (1964) was probably

a red receptor, with its peak absorption at 575 nm.

12
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The absorption difference spectra from the majority of the '"red"
) cones showed a secondary hump or peak near 555 nm sugge sting the
possibility that single nred" receptors may contain red and green

pigments, coexisting in a single cone,.

Brown and Wald (1964) measured the difference spectra of 4 human

cones using a similar nend-on'' preparation from the parafoveal
region of the retina. Their technique differed from Marks, et.al. (1964)
in that they took a difference spectrum, i.e., they obtained the absorp-
tion spectrum, then bleached the receptors with a bright flash of

k light and obtained a bleached absorption spectrum. The difference

L : between the unbleached and bleached absorption spectra is the difference

| spectra, Brown and Wald's data represent one blue receptor, two green-
receptors, and one red receptor. The pea.k:s in these curves fell at

about 450, 525, and 555 nm. The blue-receptor peak of 450 nm agrees

well with Marks et.al. blue receptor which peaked at 457 nm, but the
gree and red-receptor peaks seem to occur at somewhat shorter wave-
lenghts than was found earlier by Brown and Wald when relatively

large patches of human fovea were measured.

TETRACHROMATICITY

It is often stated that there are four npsychologically unique'' colors;
red, yellow, green and blue. These lead to the so-called opponent-
color theories, such as those proposed by Hurvich and Janeson (1955).
The blue, green and yellow primaries are also special in that they

do not undergo a Bezold-Brucke shift; that is, their hue is invariant
with changes inluminance. Psychometric experiments show red and
green as antagonistic colors; their mixture, yellow, is not perceived
by subjects as either red nor green. Conversely, blue and yellow

lights mix to form white. Hurvich and Janeson (1955) have worked out

13




a formal mathematical theory, based on the opponent-color hypothesis,
with which they are able to match predicted and experimental data
quite well for various phenomena, including the Bezold-Brucke shift,
wavelength discrimination, spectral gaturation, and color mixture.
These results are not surprising since their chromatic respornse
functions are linear transformations of the CIE mixture curves with
the addition of four ''variable constants' whici are manipulated for

best fit.

Color theory is still evolving, and it was felt that this was an area in
which evoked response studies could make an important contribution.
This choice provided an extremely fortunate collaboration with

Dr. C.T. White at NEL. Indeed, his preliminary data indicated that
a paradigm of this type would be a very rich vein for our purpose.

A sample of that preliminary datais shown in Fig. 8.2, There,
average evoked responses are shown to red, green and blue flashes
presented against yellow backgrounds. Background level on the one
hand and stimulus intensities in each color on the other hand, were
varied separately. From the ensemble of these experiments obtained
under different background colors and intensities, tentative candidate
codes emerged that accounted for the three hypothetical processes
(at retinal level) corresponding to the red-green-blue trichromatic
theory (Fig. 8.3). The yellow background was thought to produce
particularly representative evoked responses because of the red-
green depression caused by retinal adaption to yellow light. This
allows the blue component, which had been elusive before, to appear
much more clearly. These wer e startling results since, while
there is good evidence for a trichromatic absorbing structure in

the fovea (Fig. 8.4) there was no indication that these processes
would be reflected into scalp potentials (collected in the occipital
area). This finding also brings as a next question, the potential

role of the opponent color theory developed from psychophysical

14
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experiments.

Topological Dimensionality studies of this early data showed that

red and green components, although very close in timing, did behave
in a clearly distinct and quasi-orthogonal manner with respect to
each other when background or stimulus intensities were changed
(Fig. 5). The response of the dark adapted eye, a limit case in
the background level series, clearly detached itself from the cluster
in all cases. A fraction of this preliminary data was obtained at NEL
without the benefit of automatic data acquisition and digitizing
systems. Thus, single epochs had been lost and only graphic aver-
ages were available. Analysis of these is now pursued using a
borrowed graph pén to digitize plotted data., Since then, the experi-
ments have been conducted at the Brain Computer Interface Labora-
tory and have been or are being analyzed through the BCI software
package without resorting to averaging (except for the final displays).
Twelve subjects have been evaluated on the basis of evoked response
quality and relative absence of muscle artifacts and five are presently
retained. The BCI experiments are focused on single epochs (aver-

ages are actually irrelevant to the Biocybernetic goals.)

Meanwhile, on-line experiments are being pursued to further probe

the fine structure of the EEG epochs and search for better primitives
than amplitude samples., Particularly intriguing was the possibility
that by adequate representation of the data, these primitives could be
made explicit. Various representations were attempted, among which
the replacement of the single evoked response by the point processes
formed by the instants at which a single epoch was displaying a peak

in the positive or negative direction (Fig.* 6). In other words, the
series of zero crossing instants for the first derivative of the ampli-

tude function together with the sign »f the second derivative. Cumulative
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histograms of those micro-events were obtained and comipared to
the averages (Fig. 7). These histograms were found to be as
stimulus-specific as are the averages. While the relationship
between the histograms and the underlying slow wave, can be
explained to some extent by the procedure itself (i.e. the "bunching"
of the peaks by the slow wave), it has already been established that the
stability and sharpness of some of the peaks could not be explained

if the small peaks were just high frequency noise. Rather it appears
that the slow wave conjugates with short events which may corre-
spond to the firing of specific nuclei. This raises great hope that

a combination of short event detection with amplitudes at selected
times will provide encoding of the evoked response in a particularly
economical manner in man-machine communication. Already at

this time, even without the benefit of amplitude information the peak
""message'' has equivalent clarity or discriminability, when compared
to the peak histogram, as the single epoch has with respect to the

average.

A next move is underway to inve stigate the possibility that the peak

set or some variation of it contains identifiable moment-to-m-ment
information. Operant conditioning techniques are expected to provide
some of the answers and various operant paradigms are being evaluated.
Present results are still at a level of casual observations. Fig. 8

for example, shows a ran in which the reward (a conditioning) was
attached to the presence of small positive peaks in the vicinity of

300 milliseconds. The growth of the amglitude of this component in

the average is clearly seen in the graph.
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Data from one subject whose Evoked Potentials (EVPOTS) were
extensively studied is presented next. This experiment consisted

of 48 presentations of a flash of colored light of either red, green,

or blue hue, over a yellow background. The brain electr ical activity

was sampled for 5 seconds prior to and 320 milliseconds following

each {lash, from four electrode locations. Electrodes were placed
as follows:

Channel 1 Frontal/Ears

Channel 2 Vertex/Ears

Channel 3 Occipital/Ears

Channel 4 (Ey~) Inferior Orbital/Ears !
This experiment is not intended to represent the definitive color
evoked response study; rather it is a vehicle for the evaluation of i
evoked response analysis techniques. The data have been analysed
using stepwise discriminant analysis (SWDA) with and without pre-

processing by the Orthogonal Transformation,

Some representative evoked response plots are shown in the following

figures. Fig. 9 in the plot of Red, Green and Blue EVPOTS

from Channel 1, Figure 10 is from Channel 2, and Fig. 11 is

from Channel 3. These are "RAW!" (non-orthogonalized) EVPOTS.

Fig. 12 is the EVPOT from Channel 2 after preprocessing by the

orthogonal derivation program. These plots are all average EVPOTS Y
from 48 epochs of each of the three colors. The ordinate is in

microvolts, positive up, the abscissa is time; there are 80 samples

spaced 4 msec. apart. The flash occurred at time point 1.

"
Clearly, the average EVPOTS evoked by the different colors look
different, but we need a measure of how different they are, with a
nice regard for the variability from trial to trial. The stepwise dis- 5

criminant analysis (SWDA) program does provide an objective measure




Data from one subject whose Evoked Potentials (EVPOTS) were

extensively studied is presented next. This experiment consisted
of 48 presentations of a flash of colored light of either red, green,
or blue hue, over a yellow background. The brain electrical activity
was sampled for 5 seconds prior to and 320 milliseconds following
each flash, from four electrode locations. Electrodes were placed
as follows:

Channel 1 Frontal/Ears

Channel 2  Vertex/Ears

Channel 3  Occipital/Ears

Channel 4 (Eye) Inferior Orbital/Ears
This experiment is not intended to represent the definitive color
evoked response study; rather it is a vehicle for the evaluation of
evoked response analysis techniques. The data have been analysed
using stepwise discriminant analysis (SWDA) with and without pre-

processing by the Orthogonal Transformation.

Some representative evoked response plots are shown in the following
figures. Fig. 9 in the plot of Red, Green and Blue EVPOTS
from Channel 1, Figure 10 is from Channel 2, and Fig. 11 is
from Channel 3. These are "RAW" (non-orthogonalized) EVPOTS.
Fig. 12 is the EVPOT from Chananel 2 after preprocessing by the
orthogonal derivation program. These plots are all average EVPOTS
from 48 epochs of each of the three colors. The ordinate is in
microvolts, positive up, the abscissa is time; there are 80 samples

spaced 4 msec. apart. The flash occurred at time point 1.

Clearly, the average EVPOTS evoked by the different colors look
different, but we need a measure of how different they are, with a
nice regard for the variability from trial to trial. The stepwise dis-

criminant analysis (SWDA) program does provide an objective measure
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of the differences between these multivariate distributions , based

on the variability and the regularity in the data.

The program computes a set of linear classification functions by

choosing a subset of the original 80 variables in a stepwise manner, |
The variable entered at each step is selected according to one of

four possible criteria; typically that variable will be chosen which has

the largest F-to-enter. The F statistic which is computed at each

step gives us an indication of the differences between groups relative

to the differences within groups.

Typically, the SWDA program is told to select the 10 best variables,

then it computes the coefficients of these variables which produces

the bast possible discrimination between groups, and prints a \
classification matrix. Each case (epoch) is evaluated using the

discriminant function (D. F.) developed and its posterior probability

of belmging to each group (color) is computed as well as the square

of the Mahalanobis distance from each group.

The program also computes the coefficients for canonical variables
and plots the first two canonical variables to give an optimal two-

dirmensional picture of the separation of groups.

Other measures generated by SWDA include group means and standard
deviations, within groups covariance matrix, the within groups corre-
lation matrix; and for each step, the variables included and F -to-
remove, variables not included and F-to-enter , Wilk's Lambda

(or U statistic) and approximate F statistic to test equality of group

means, and the matrix of F statistics to test the equality of means

between each pair of groups.




A subset of this wealth of information about the data has been tab-
ulated and will be referred to in the following paragraphs, along with

comments about its significance,

Referring to the map distances in table .1, it is seen that blue and
red are the closest pair in ch. 3 and ch. 3 ORTHO (over visual cortex)

while blue and green are closest for ch. 4 and ch. 4 ORTHO.

This finding, if further validated, may be the first demonstration of

an objective measure of cortical processing of hue information in intact
man. Furthermore, such a finding would be predicted by the retinal
pigment curvee of Motokawa (1949) which show blue and red to be at

the two extremes of the spectrum, thus least similar, as is found

in ch. 4 (eye). Also, the nearness of blue and red over visual cortex
(ch. 3) matches the data in the CIF chromaticity diagram, (Fig. 1)
which was constructed from psychophysical experiments, thus reflect-

ing the process occurring in visual cortex.

Also from Table 1, referring to the 10 step classification matrices,
it can be seen that SWDA did a very good job of classifying each epoch
into its proper group, using a D.F. based on only 10 sample variables.
Ch. 3 RAW gave the most accurate classification, with an error rate
of 7.6% when operating with three groups, and ch. 2 ORTHO wasn't
far behind, with a misclassification rate of 8.9%. The classification
matrix also provides distance information in the form of confusability.
Looking at the 10 step matrix for 3 colors, for ch. 3 RAW (Table 1),
it is seen that green epochs are always classified as belonging to the
green group, 48 out of 48, while 44 red epochs were correctly class-
ified as red, none as green, and 4 were classified as blue. Also, 7

epochs of blue were incorrectly classified as red, none as green, and
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40 were correctly placed in the blue column. These results imply that
red and blue are closer than either red and green or blue and green

) in these data, since they are more often confused, i.e. incorrectly

v

classified as each other by the program.

l A, CHANNEL WISE: COMPARISONS (TABLE 2)
1) As expecizd, with the raw data, channel 3 gave the best dis-

crimination followed by channels 4, 2 and 1 respectively.

| 2) Channels 1 and 2 chose similar initial variables to discrim-

inate between the different color groups.

3) The time points around 12, 26, 30, 33, 41, 45, 65 and 69

—

seemed to predominate the classification functions computed
for the various channels from the raw data.

B. DATA WISE (RAW VS, ORTHO): (TABLE 2)

1) The orthogonal data yave the best discrimination in channel 2

followed by channels 1, 3 and 4 re spectively.
2) Interestingly, the variables chosen by the program for channel 1
(ORTHO) were very different from those chosen for channel 1 (RAW).
This was unexpected as channel 1, being the base channel was not
to go through any change during orthogonalization, but was band-

pass filtered. This effect, however, has improved the discrimina-

tion power of the channel.

= = . e

3) The appreciable deterioration in the discriminative capabilities

| of channels 3 and 4 tells us of a need for the verification of the

process of orthogonalizing. There is a clear need for a test of the
orthogonal transformation using synthetic data with known parameters;
Such a test is now being devised. )
4) The time points around 10, 20, 29, 33, 35 and 41 are predom-

inant in the classification functions chosen for the orthogonalized

data.
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COLOR WISE COMPARISONS:
1. RED: (Table 3 runs #9, 10; Table 4 runs #15-18)

1) Red color data is easily separable.
2) Using the channel 1 ORTHO runs (#9, 15, 17) we see |
that time points around: 5, 10, 12, 14, 21, 27, 29, 48
and 62 dominate. '
3) Using the channel 3 RAW runs (#10, 16, 18) we see that
time points around: 21, 29, 33, 36, 46 predominate.
4) We also note that time point 29 occurs in all the :cix runs
indicating that time point 29 definitely is associated with

a red color component.

5) Overall, time points 21, 29 and 33 can be attributed to the
color Red.
II. GREEN: (Table 3 runs #11, 12; Table 4 runs #17 -20)
1) Green color seems to be easily distinguishable by SWDA
2) Using channel 1 ORTHO runs (#11, 17, 19) we see ;that time
points around: 5, 9, 13, 17, 27, 28, 32, 38, 43 dom-

inate.

3) Using channel 3 RAW runs (#12, 18, 20) we see that time
points around: 10, 20, 28, 41, 45, 64, 73 seem to dominate.
4) Overall, time points 28, 45 could be attributed to the
Green color
1II. BLUE: (Table 3 runs #13-14; Table 4 runs #13-16, 19-20)
1) Using the channel 1 ORTHO runs we find that time points
around: 5, 9, 1, 13, 22, 27, 29, 38, 56 seem to dominate.
2) Using the channel 3 RAW runs we find that time points
around: 18, 21, 22, 24, 33, 37, 41, 79 seem to dominate. N
3) Time point 22, 38 could be attributed to Blue color.
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D. INTER COLOR QUALIFICATIONS

1. RED vs GREEN: (Tables 3 and 4 runs #9-12, 17 -18)

1) Using channel 1 ORTHO runs (9, 11, 17) we see that time
points around: 5, 10, 12, 21, 29, 32, 43, 62 dominate.

2) Using channel 3 RAW runs (10, 12, 18) we see that time
points around: 10,20, 29, 33, 34, 36, 40, 64, 73 dom-
inate.

1I. GREEN vs. BLUR (Tables .3 and 4 runs # 11-14, 19-20)

1) Using channel 1 ORTHO runs (11, 13, 19) we see that time
points around: 5, 9, 13, 17, 27, 32, 38, 56 dominate.
2) Using channel 3 RAWruns (12, 14, 20) we see that time \
points around: 10, 20, 33, 34, 37, 41, 45, 64 dominate.
111, RED vs. BLUE: (Tables 3 and 4 runs #9, 10, 13-16)

1) Using channel 1 ORTHO runs (9, 13, 15) we find that time
points around: 5, 9, 12, 14, 22, 27, 29, 48 dominate

2) Using channel 3 RAW runs (10, 14, 16) we find that time
points around: 20, 26, 29, 33, 34 dominate.

To answer the question as to how good the clas sification functions pro-
duced by SWDA are, a special run was made. The data used were from
channel 3 (RAW). The Red, Green and Blue groups were each split into
two groups, and the clas sification functions produced by the program
based on the first half of the data were used to classify the second half.
The classification matrices at steps 1, 5, and 10 turned out to be as

follows: (Table 5)

We see that the classification functions produced by the program do a
good job of discrimination (86% vs. 93% overall) on color evoked responses.
This gives encouragement to our intentions of using the claseification

functions ON-LINE in operant conditioning experiments.
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Red Green Blue Red Green Blue Red Green Blue
Red 1 10 3 11 21 0 3 24 0 0
Green 1 t 19 1 1 23 0 0 24 0
Blue 1 7 2 15 1 0 23 0 0 24
Red 2 10 1 13 11 1 12 18 0 6
Green 2 9 14 1 0 23 1 0 24 0
( Blue 2 10 2 11 b 0 19 t 0 19
STEP 1 STEP 5 STEP 10
TABLE 5§
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A pictorial display of the classification and separation ability of SWDA 4
is provided in the form of the now classic canonical separation map.
Each epoch is located in the two-dimensional space and labeled with
the first letter of its group name. An asterisk is placed at the center

of "mass" of each group, and overlaps are indicated by a $.
Figures 13 and 29 are representative canonical maps which allow

further comparisons of the effect of channel, color, orthogonalization

and number of steps on the separation.

CONCLUSIONS

The use of stepwise discriminant analysis is valuable for the classifica-
tion of evoked potential data. The program efficiently selects that sub-
set of samples which can accurately characterize the data in an optimum
manner. The samples which are selected can be associated with the
""components'' of the evoked potential waveform to which most researchers

have paid attention in previous work. Furthermore, the discriminant

function developed by SWDA can be used for efficient and highly accurate
on-line classification of single epochs of evoked potential data, for use

in operant conditioning experiments.

The limitations of SWDA arise from the nature of the model which is
presumed to underly the generation of evoked potentials, that is one

in which a deterministic signal is added to random noise. Other models
of the EVPOT can be entertained, for which other methods of analysis
would be appropriate. The detection of '"peaks'' (points at which

dv/dt = 0) is one such alternative approach which we are actively
pursuing. At the present state of the art, it would seem that a combin-
ation of peak detection techniques and amplitude measures could provide

the most useful and elegant way of representing the EVPOT '"signature''.
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Work is continuing on a rewriting of SWDA into 360/91 assembly

language to make it a highly interactive subtask of our monitor system.

A further step would be to modify the BCI monitor software so that it
can be accessed and controlled by a remote ASCII terminal connected

to a standard telephone line operating under TSO (Time Shared Option).

~s
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ACT/UCLA-BC

release date 120173
VIC

General Comments:

Fcllowing is a tentative description of the format and layout of
the FEG epoch-oriented data for all processing transactions involving
the BKAIN COMBUTER INTERPACE (BCI) lab. All current and future BCI
applications or syst=ms programs will follcw this format or an update
version therecof. Also, all data from external sources must be
pre-converted if use of any part of th BCI syster is intended. Note
that the format described below is compatible with standard IBM/360
word and byte sizes, which can be read or written by any high level
language such as FORTRAN IV or PL/1, or even by machine dependent
lanquages such as the as 360 Assembler Language. Thus the format is
intended to be ultimately compatible with any application on 360/370
systems.

BCI FEG data is grouped into logical and physical anits called
‘epochs'. Fach epoch corresponds to data collected during a discrete
time period, while a specific task 1is being performel by the subject,
or while the subject is being exposed to a given set of environmental
conditions. For example, an epoch might consist of 8 channels of EEG
data collected during a 1/2 second interval following red strobe
flash, over a grcen background. There are usually many such epochs
per experiment, and groups of epochs often have some conmon
characteristic. They are grouped together into ‘epoch strings', with
n epochs in each string, (numbered 0 through n-1.) Each epoch is
broken down into two parts:

(1) the epoch header
(2) the epoch data.

The epoch header consists of useful and necessary information about
the epoch, such as the subject's ijdentification code, the task
performed, the length of the epoch, how many channels of data are
present, the sampling rate of the collection, and so on.

The epoch data follows directly, containing the actual experimental
Aata for that particular epoch.

The logical length for the '‘records' that compose each epoch may vary,
depending on the data, from 40 to 80 bytes. 40 bytes is the minimum
que to the size and form of the epoch header (see below). 80 bytes
was chosen as the umaximum because it is standard card image size, and
because it appears most unlikely that more than 80 bytes will ever be
needed (see below).
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Epoch Format:

(1) E pOCh Header

The epoch header (tentatively) is composed of 11 recoris. Each record
contains information about the epoch data to follov. Because it
contains the ¢type of information presumably required wvith most
»xisting or future BCI applications software, it was decided that the
header should he a modified version of the input control cards to> the
"CLA Biomed program BMDX92 (auto- and cross-spectral analysis). These
records are in 360 character mode, and as mentiored are no less than
4) characters in length. (Only 40 characters are used. If the logical
length of the epochs is greater than 40, then the header records are
padded to the right with blanks, as usual). Thus all unspecified
columns helow are blank.

Card 1:
col 1-6: * PROBLM?
col 7-12: 6 byte run identification tield
col 13-16: number of samples (FORTRAN 'Id4' fixed point)
col 17-18: number of channels (FORTRAR *'I2' format)
col 19-21: number of freguency bands resolved {(*13Y)
col 22-25: sampling rate (*'I4')
col 26-40: (reserved - hlank = X92 conpa tible)
Card 2: e
col 1-6: *PRREFLT?
col 7-40: (reserved - blank - X92 compa tible)
Card 3:
col 1-6h: '*TITLES?
col 8-12: *gEPOC:!?
col 14-16: epoch no. (location in string ('13")
col 19-23: tEXPR:!
col 25-27: epoch string identification ('A3'), task id
col 30-34: tSUBJ:!
col 36-38: subject id - initials (*A3")
Card u:
col 1-h: *TITLES?®
col 8-12: 'DATE:"
col 13-16: date of experiment/epoch - mmdd ('2I2')
col 19-23: 'STMT:!
col 2u-27: stimulus type (0-7) for this epoch ('IU')
col 30-34: 'EPXS:?
col 1315-38: nunber of epochs in each string ('I4')
Card 5:
col 1-6: *TITLES!
col 8-12: 'NSHP:!
col 13-16: number of samples in the epoch
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Card

Card

Card

Card

Card

card

col
col

col
col

6:

col
col
col
col
col
col
col

T

col
col
col
col
col

col
col

I

col
col
col

col
col
col
col

9:

col
col
col
col

10
col
col
col
col

11:
col
col
col

19-23:
24-27:

30-34:
35-138:

1-6:
8-12:
13-16:
19-23:
2u4-27:
30-34:
35-38:

1-6:
8-12:
13-16:
19-23:
20-27:

30-34;
35-34:

1-6:
8§-12:
13-16:

19-23:
2u-27:
30-34:
35-38:

1-6:
8-12:
13-16:
17-40:

1-6:
8-12:
13-16:
17-40:

1-63
8-12:
13-16:

*NSED:?

number of samples in epoch delay ('I4*)

(used for artifact detection prior to epoch data)
TNSWD:?

number of samples between warning stimulus

and main stimulus (if applicable) (*IU4')

'TITLES?

*SINT:?

scan interval (millisec) or 1/rate ('T4?)
*NACH:?

the number of channels

'‘DIRL:?

defision rule used for grouping of
s‘fmilar stimuli (*I4°7)

'TITLES?®

"ARPD:?

artifact detection threshold (levals/20u48) ('Iu4')
YERPD:?

evoked response peak detection threshold ('I4?)
(levels/2048 for peak detection)

INSTHM:?

number of stimulus types ('IU')

'TITLES?

'SEED:!

seed for any applications random number
generator (zero if not applicable) ('I4°*)
'GRPS:!

no. groups (input), chosen grp (output) ('T4')
'CLOK:?

time the epoch was taken (hhmmss - '3I2')

may be zero if not nceded

YTITLES!

'ERGRs?

EXKG rate ('Iu')
reserved for future use

fTITLES?

' BASL:"

bascline level ('I4')
reserved for future use

'TITLES®
TCNVA:?
contingent negative variation ampiitude ('I4')

P |
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col

card 12:

17-40:

col 1-%H:

col A-12:

col 13-16:

col 17-40:
card 13:

col 1-38:
Card 14:

col 1-38:
Card 15:
All fields
'RPYSY, 'YEPXI,
if the field

structure,

(e xcept
'EXPRY, *NSMP', and *'NACH') may be left blank or zero
meaning is not applicable to the specific data base
The exceptions above, however, must contain valid data.

reserved for future use

'"TITLES?

YNACT ¢

reaction time ('T4°)
reserved for future use

' NAMCHN C01 C02 C03 COu4 €05 €06 C07 co8!

*NAMCHN C09 C10 C11 C12 C13 Cl14 C15 Cl16!

Fortran type var iable format card which can
be used to read the data to follow, of the
form ' (mmAnn)' or ! (mmFnn.pp)*', Wwhere 'mm!

is actually the number of channels, 'nn!'

the width oi each value field, and ‘pp!

the number of decimal digits assumed (if aay).

‘channels', 'sampling rate', 'number of sanmples',
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(?2)

Eroch Data

From the above description of the variable format it can be seen that

o3ch

there

record

contains
contains one FEG voltage value for all

one

and only one

of

scan.
the channels.

Fach scan (record)
Thus, 1if

are 8 channels involved, and 200 samples per epoch, there would
bo the usual 15 epoch header records, and 200 epoch data records, each

of which contains 8 values (eq: 8F5.0).
8 sample epoch follows:
PROBLMEXAMPLO200 8 64 128

PREFLT

TITLES EPOC: 002 EXPR: 2TR SUBJ: FILC
TL{TLES DATE: 0409 STRT:1438 EPXS:0007
TTTLFES NSMP:0200 NSED:0100 NSWD:0100
TITLES SINT:0008 NACH:0008 DERL:0000
TITLES ARPD: 0600 ERPD:0050 NSTM:0002
TITLES SEED:0000 GRPS:0000 CLOK:162221
TITLES EKGR: 0409

TITLES BASL:0200

TITLES CNVA: 0008

TITLES
NAMCHN
NAMCHN
(8F5. 0)
+0106+01482-0118+0095-0057-0087-0038-0082
+0122+0159-0C50+0138-0138-0178-0125-0083
+022140099-0130+4007840100~0122-0229-0003

RACT: 0600
c01 C02 C03 co4 Cc05 c06 C07 co8
cO09 C10 C11 C12 C13 C14 C15 C16

+0104+0207+40017+40012-0048-0081-0225-0019

COMMENTS

This epoch is therfore 15¢0200=0215 records long. There are 0200
samples in each epoch for each of the 8 channels of data; the sampling
rate is 128 samples/second. This particular epoch is epoch number 002
of a 7-epoch string called '2TR' for subject 'FLC'. The epoch vas
taken on April 9 at 4:22:21. The data following the header 1is
structured into 0200 records containing 8 5-column values in PORI'RAN
tF' floating point format. Bach record forms one scan.

65




.

3C1/U0CLA-BC
Release date 110173

THE BCI MONITOR SYSTEN

The BCI Monitor System runs as a job (task) im an 0S/MVT
anvironment on the IBM 350/91 at the Campus Computing Network
located at UCLA. It serves as a powerful and general means of
supporting and monitoring the BCI EEG data collection and
analysis system. The system is in fact a computer network that
involves 3 online computers for real-time control and analysis
(the 3060/91, an Imlac PDS 1, and an SDS 920), and on occasion
several oftline computers including a local PDP-10 and several
distant processing sitas reached through the ARPA Network, all
used for pre- or post-experimental computation. The three online
computers are connected by a hardware data link over which
control and/or experimental data may be transmitted. Both
real-time and- offline applications programs on the receiving
computer (usually the 360/91 or the 1Imlac) do the 'number
cruncuing' and various statistical amalyses of the incoaing data.
Plots, maps, lata for visual feedback and stimuli, tables, and so
on may be produced either immediately during the experiment or
later, The gcnerated data may be sent back over the same link if
desired,

With this in mind, the Monitor systea was designed to serve
the tollowing functions:

(1) To serve as an interactive console systen supporting
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several operational stations on a time-shared basis. A us=r of
tho Monitor obtains access to the system via a CRT-keyboard
apparatus similar to Techtronic or Computek units (CCI's).
(Note: a Monitor user may be the actual experimenter(s),
applications projrammers running data analyses, systems
projrammers supervising the link, etc.) He comaunicates with the
systam via smaller and specialized softvare subprocessors. Each
subprocessor performs a specific task, yielding certain
intormation on systeam status, user status, and so on (for
example, one displays the current state of the Monitor's core
memory, while another the status of the users currently signed
on, another the status ot all "“onitor subtasks (see below),
another the status or the IBM 360/91 under vhich th= system rums.
Facit subprocessor may be accessed from any other subprocessor
(the user may enter any of them to gather the information he
needs). 1n y2neral however, the commands in these subprocessors
only oeftect a specialized section of the Monitor system, usually
within the scope of the subprocessor involved. Control and
supervasion ot the various system-wide functions and of the line
nand)er (see below) is accomplished by the wuse of special
commands which may he entered at any time from any subprocessor.
These 'system commands® gemerally do not obtain information but
initiate a specitied system operation (such as subtask control,
as described below) .

(2) To inmnitiate the line handler subtask which performs
the actual input/output operations on the data over the link.

This task operates as a subsidiary task of the Monitor task,
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runninj independently and asynchromously, but still under
complete supervision and control of the Monitor. This is
feasible ou the 360/91 with its multitasking environaent.

(3) To control the 1line handler subtask, allowing
specitication of different data paths, allowing Jiffereat data
path directions and destinations, and so on.

(4) To monitor the current status of the 1line handler
subtask, thus obtaining information concerning vhat data is being
currently transferred, where the data is being sent to or from,
when the transfer is complete, vhether it was successful, etc.
It allows the Monitor user to keep tabs on the flow of data to
and from tihe computers involved.,

(5) To purge tne line handler subtask when it has
completed its work, or to cancel its operation for any reason
(e« 3. abnormal termination).

(6) Witn the line handler subtask in charge of controlling
the flow of data, other subtasks can be run under the Momitor
system. These other subtasks may run concurrently with the line
handler or Separately (still *subtasks' of the Monitor task in
the context described above), apmd would be under the same
inltiation. control, and termination procedures as described
previously for the lime handler. In general, these other
suptasks would be applications and data management programs, and
might include various statistical explorations such as
multi-dimensional tree amalysis, non-linear mapping, analysis of
variance with transyemerations, spectral analysis, stepvise

iiscriminant analysis, and so on. Thus, they would not actual
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take care of the link I/0 operations themselves as does the line
handler subtask, but would rather utilize the data flow of the
link to parfora the actual analysis of the information
(Lumediately as it is transmitted through the 1link, or offline
any time atter the experiment upon data files saved on permanent
storage devices). Por example, such subtasks would, in real time,
take data trom the line handler, process it, and use the line
hanller to pass back the processed results, with all subtasks
running concurrently with the oxperiment and with the console

users time-sharing facilities.

‘hese subtasks, then, can write or read data to or from any
storage device available to the computer{s) involved, such as
magnetic tape, disk, drum, cards, paper printout, paper tape, or
CEI visual 1/0., Permanent or tepporary datasets and/or files can
he created on these devices. All such options and features are
under the control of any one of the BCI Monitor system users.,
With the ability to run any and all types of subtask prograams,
the Monitor's data analysis protocol c¢:2 be tailored to any
user's reyuirements. A user can add new analysis programs (i.e.
run any proccessing program as a Monitor subtask) and control all
oporations completely, utilizing the informative displays and

poweriul system command functions of the Monitor.
fhus, in general, the Monitor serves as a sophisticated data

port wnich has processinyg, analysis, and control {features built

in. Through the use of Moni tor and its various

69



applications/systems subtasks, data collected at other

installations can be guickly and

efficiently processed, and

results obtained, with all operations under detailed user

scrutiny and supervision,
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SUPPORTIVE ANIMAL STUDIES-UNIVERSITY OF IOWA

A. INTRODUCTION

The first objective of the present research is to assess the behavioral
relevance of neural functioning in the peripheral part cf the visual system
in rabbit by investigating whether the electroretinogram (ERG) can be bidi-
rectionally conditioned by operant procedures. If, as is iikely, the occurence
of discrete changes in a segment of the ERG waveform can be brought under the
control of reinforcement, then a second objective would be to determine how
those changes are requlated by efferent innervation to the retina by at-
tempting to condition the ERG of rabbits whose optic nerves have been sec-
tioned. It is hypothesized that retinal sensitivity as reflected in the ERG
is controlled in part by higher nervous centers which exert their effects
through centrifugal innervation to the retina and further that the interrup-
tion of these inputs will preclude modifications by operant conditioning.

Recent research has demonstrated that the operant technique is effec-

tive in conditioning bicelectric events within the brain (Wywricka & Stevman,
1968; Fetz, 196S; Black, 1971), Systematic studies in cat conducted in this
laboratory have shown that the operant procedure can change components of the
waveform of the early and late components of the visual cortical evoked po-
tential (Fox & Rudell, 1970) and of the spontaneous EEG (Ahn, 1979). Even
the early segments of the visual evoked potential can be operantly conditioned
(Rudell & Fox, 1972). Since the early segments have lower variability and
are more dependent on stimulus parameters than on state variability, it
seems reasonable to expect that the ERG, which reflects the behavior of neu-

rons in the retina, can be brought under operant control. The control of
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the retina by the brain is presumed to operate via a centrifugal system of
retinal innervation which is capable of biasing retinal sensitivity and of
determining the nature of the information transmitted. Thus, the sensory
system to some degree would be subject to purposive central control.

There is considerable evidence, both anatomical and physiological, for
the existence of such a centrifugal system. Observations of apparently ef-
ferent fibers within the retinas of several vertebrates have been reported
by anatomists (von Monakow, 1889; Ramon y Cajal, 1894; Dogiel, 1895; Arey,
1914; Polyak, 1941; Brooke, Downer & Powell, 1965; Honrubia & Elliott, 1968;
Honrubia & E11iott, 1970) but as Ogcen (1968) notes in his review of the ama-
tomical and physiological evidence, the existence of efferent retinal fibers
remains inconclusively demonstrated in several species. tHowever, anatomical
evidence does provide a firm basis for assumina that centrifugal fibers do
exist in the rabbit retina. Those fibers have been described to radiate from
the optic nerve head to the periphery of the eye and to end on the ganglion
cells and in the inner plexiform layers (IPL) (Ventura & Mathieu, 1959). The
exogenous origin of the efferent fibers in the rabbit retina was also sug-
gested by their course from the ganglion cell layer to the outer layers and
their thinning as they ran outward (Shkol'nik-Yarros, 1971). The fibers had
varicose thickenings at equal distances and brush-1ike endings typical of
endings of afferent fibers in other parts of the central nervous system. The
difficulty in demonstrating centrifugal fibers in the rabbit retina with the
Nauta method sugaested that the centrifugal projection is probably not large
(Cragg, 1962). An electron microscope study revealed myelinated fibers in
the IPL of the rabbit (Luciano, Spitznas & Reale, 1971). The location cor-
responded to that of centrifugal fibers in birds. In addition, the fibers

showed a positive histochemical identification for acetylocholinesterase as
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is usually found in efferent fibers (Reale, Luciano & Spitznas, 1971). At
the level of the retina, then, anatomical work provides good evidence for
centrifugal fibers in the rabbit retina.

Centrifugal influence seems to ve realized through the amacrine cells.
Observations in several species indicate that the centrifugal fibers termi-

nate around the amacrine cells of the retina (Cowan, 1370; Byzov & Utina,

1971; Shkol'nik-Yarros, 1971) and probably requlate the output of these cells.

According to Dowling (1970), the synaptic connections of the amacrine cells

permit them to influence the bipolar cells, the ganqlion cells, and other

amacrine cells. Thus, amacrine cell processes appear "well suvited to mediate .
lateral and reciprocal interactions between adjacent neurons" (Dowling,

1970).

In mammals the site of origin of the centrifugal fibers and its possible
relationship to the superior colliculus has not been established. However,
the superior colliculus, thalamus, and midbrain have been suggested as possi-
ble sources of the centrifugal projection (Cragg, 1962). In the avian brain
there is a well-organized projection of the optic tectum on the isthmo-optic
nucleus, the nucleus from which the centrifugal fibers originate (Cowan, 1970),
If, as is 1ikely, a similar connection exists in mammals, then such a pro-
jecticn from the superior colliculus to the cells of origin of the centri-
fugal fibers would provide the necessary link between the centripetal and
centrifugal parts of a feedback mechanism acting on the retinal neurons.

Since visual and other cortical areas project to the superior colliculus
(Brook, Downer & Powell, 1965) the activity of the retina would be subject
to cortical influence. The existence of centrifugal connections would per-

mit attention, habituation, and conditioning to influence the processing of

visual information in the early stages of sensory integration (Palestini,




Davidovich & Hernandez-Pedn, 1959).

Little is known about the functional signi¢icance of centrifugal fibers
to the retina tut there is considerable speculation that they modulate the
flow of informatfon through the retina. The functions of centrifugal fibers
may differ in di fferent species though there may be some overlap in function
as well. Centrifugal interference in sensory systems would act to increase
the flexibility and information processing capability of the systems. The
actual synaptic mechanism seems to be one of active inhibition in most sen-
sory systems (Livingston, 1959). In the retina, centrifugal input seems to
modulate rather than evoke visual responses. This modulating role is strongly
suqgested by the finding that electrical activation of the isthmo-optic
tract in the chick does not evoke firina in retinal acanqlion cells in the
absence of visual stimulation (Miles, 1972).

Centrifugal retinal innervation may allow an animal to increase or de-
crease retinal sensitivity acccrding to needs provoked by envirommental cir-
cumstances. As Miles (1972) has noted, dark adaptation provides a long-tem
solution for an increase in retinal sensitivity under conditions of low lumi-
nance but is of little value in coping with transient changes in luminance.
The centrifugal system might offer a "dynamic solution" whereby retinal
sensitivity 1s increased to serve such purposes as allowing "Jocal adaptation
in shadowed areas of the visual field" (Miles, 1972). Evidence supporting
this hypothesis was obtained in a behavioral study of the visual system of
the chick (Rogers & Miles, 1972).

Physiological studies of centrifugal input have examined the effects of
brain stimulation or optic nerve stimulation on retinal ganglinn cell firing.
In cat, collicular and mesencephalic reticular formation stimulation resulted

in both facilitatory and inhibitory effects on retinal ganglion cell firing
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(Granit, 1955). Since these effects were different from those resulting

from antidromic activation, they were interpreted as centrifugal in nature.

That interpretation was substantiated by a study in rabbit in which centri-

fugal impulses were distinguished from antidromic impulses in the retina

by shocks applied to the contralateral optic tract (Dodt, 1956). A retinal

spike was elicited which was delayed relative to antidromic spikes. It

was concluded that the delayed spike is evidence for a centrifugal effect

on the retina recorded after its having traversed one or several synapses,
There is also some evidence that extravisual stimulation mav influence

retinal activity (Palestini, Davidovich & Hernandez-Pedn, 1959). In rabbit,

Sokolov (1960) found that the @rienting reflex influenced the ERG to high-
frequency light stimulation. Uith an auditory stimulus, there was an
increase in the reaction to high-frequency stimulation and the shape of

the LRG was changed so that the latency of the b-wave peak was decreased,
suggesting a shorteni<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>