
Functional Congruence: An Index of Neural Homogeneity and a 
New Measure of Brain Activity 

Abstract. Extremely high correlation between the probability that a single 
cell will fire and the amplitude of microelectrode electroencephalogram was 
established in on-line, real-time computer experiments. Such congruence between 
spike and wave shows orderly biological variation under sensory control. Con- 
gruence, as a measure of brain activity, provides an immediate estimate of 
regional neural homogeneity of function of cell populations in brain. 

There is an impressively high corre- 
lation between the probability of a 
spike occurring in a single cell and the 
wave form and amplitude of the evoked 
potential (1, 2). The probability of a 
cell firing is given by the wave form 
of the evoked potential (recorded from 
the same microelectrode) throughout its 
extent in time, by its positivity and neg- 
ativity, and by its early and late com- 
ponents (1). 

Neural events, such as latency re- 
covery cycles of single cells, are 
equally well predicted with the same 
curves and inflection points, by single- 
cell-firing probability or evoked poten- 
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Fig. 1. Record from a single cell in visual 
cortex of cat. Center curve: number of 
occurrences of each slow-wave voltage; 
top curve: number of occurrences of a cell 
spike at each voltage in center curve; bot- 
tom curve: conditional probability of spike 
firing at each voltage in center curve. The 
R value at top gives the Pearson correlation 
coefficient between slow-wave voltage and 
spike probability. Correlations in these and 
all following figures are based on the 
middle half of the spike and slow-wave 
values, and all are significant beyond the 
.001 level. Vertical axis is arbitrary and 
omitted. 
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tial amplitude from the same micro- 
electrode (2). We have concluded that 
single-cell-firing probability and the 
evoked potential are representative of 
the same underlying processes of ex- 
citability and that the evoked potential 
is probably the summation of nearby 
local potentials-that is, excitatory and 
inhibitory postsynaptic potentials. 

Our work has had major limitations. 
First, collection of data is time-consum- 
ing and requires large numbers of stim- 
uli to generate an adequate sample size. 
Second, the obvious spike-wave rela- 
tion is produced only by highly syn- 
chronous physiological stimuli in a 
time-locked arrangement. Third, the 
correlational computations after collec- 
tion of data are time-consuming and 
tedious. This report shows that the re- 
lations are more general, including that 
between probability of firing of single 
cells and the spontaneous variation in 
cortical slow waves or momentary cor- 
tical excitability. 

A simple on-line, real-time program 
for a PDP-8 laboratory computer sys- 
tem provided analog-to-digital conver- 
sion of the spontaneous electroenceph- 
alogram (EEG) each millisecond from 
a glass micropipette in the cortex of 
acutely prepared, curarized, and lo- 
cally anesthetized cats. The slow-wave 
samples were stored in 256 core loca- 
tions according to their voltage. That is, 
EEG amplitude was divided into 256 
levels, and the frequency of occurrence 
of each voltage level was digitized, thus 
providing, over any period sampled, a 
frequency distribution of the number of 
times each voltage occurred. Simulta- 
neously, each time a cell fired, a Schmidt 
trigger with threshold set to one-half 
spike amplitude provided a standard 
pulse to the computer. From these data, 
a second distribution of the number of 
times a spike occurred at each of the 
256 voltage levels was compiled. The 
ratio of the number of times the cell 
fired at each voltage to the number of 
times this voltage occurred gives the 
conditional probabilities which were 
then plotted as a function of voltage. 
This plot provided an indication of the 

relation between firing probability and 
local slow potential. 

The problem of overlap of time con- 
stants of the two signals was solved by 
adequate separation of the signals by 
the modified filters of two Tektronix 
122 amplifiers. The high-frequency 
channel (spike channel) covered the 
range from 250 hz to 2 khz, and the 
low-frequency channel (EEG channel) 
covered the range from 0.1 hz to 50 hz; 
the filters provided 15-db attenuation at 
the crossover point and resulted in al- 
most complete independence of the two 
signals. Both spike and wave were mon- 
itored continuously (as was the Schmidt 
trigger output) to assure reliability. At 
no time was any multiple unit recording 
used. Spikes used ranged in amplitude 
from 2 to 20 mv. In this way, 50 cor- 
tical cells and the corresponding micro- 
electrode EEG's were studied. 

The outcome for a single cell is 
shown in Fig. 1. The Pearson correla- 
tion coefficient between spike probabil- 
ity and voltage level is 0.944 and the 
F value for linear correlation is 1331.6. 
Ninety percent of all cells observed 
showed significant correlations between 
probability of firing and slow-wave 
amplitude. Correlations ranged from 
-0.98 to +0.80. The F values for 
linear correlation (Fig. 2) ranged from 
6000 to 0.2 with a mean of 200, al- 
though almost half the cells observed 
produced significant nonlinear compo- 
nents (P < .05). Neither the oscilloscope 
alone nor evaluation of filmed traces 
revealed the dramatic stochastic rela- 
tions described by the computer, 
even when the actual correlation was 
known beforehand. Failure to observe 
such relationships by visual inspection 
is not new to these studies (3). Any in- 
trinsic brain activity at an electrode tip, 
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Fig. 2. Distribution of R (correlation) 
values from 91 samples from 50 single 
visual cortical cells in cat. No cell con- 
tributed more than two values. Correla- 
tions computed as before. 
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Fig. 3. An example of change in congruence with flashing light (A), without (B), and again with (C and D). Computations as 
before. There is an overall decrease in congruence during spontaneous (nonlight) condition as compared with the three driven 
(light flash) conditions, with high reliability of repeated driven measurements. 

not necessarily related to afferent ac- 
tivity, was observed to restrict the 

changes in congruence reported by con- 

founding two (possibly independent) 
excitability sources. Alpha activity or 
any hypersynchronous slow activity 
produced (for example, by a sleeping 
animal) resulted in considerable inflexi- 
bility of the congruence relationship as 
did drug-produced, intrinsic synchrony 
or any nonneural production of slow 
waves. Thus, spike wave forms, fre- 
quency, and slow-wave configuration 
were carefully monitored to assure con- 
ditions that would be as similar to phys- 
iological as possible. Sample time with 
constant rate or spike sample size was 
kept constant or adjusted appropriately 
under computer control to allow for ap- 
plication of suitable statistical proce- 
dures. 

This close correspondence of spike 
probability and spontaneous EEG am- 
plitude is a general phenomenon in cat 
cortex. It supports and extends our 
earlier conclusions from studies of the 
relation between spike probability and 

evoked potential properties-that the 

general class of brain activity which in- 
cludes evoked potentials, slow activity, 
or EEG is representative of the mo- 
mentary excitability of the brain as in- 
dicated by spike probability (4). 

Our studies also provide partial un- 
derstanding of conditions controlling 
the variability of correlations of spike 
probability and slow waves in brain. 

Contrary to previous expectations, based 
on the assumption that the relation of 

spike to wave is a biophysical constant, 
the correlation of spontaneous firing 
from a given cell with the EEG voltage 
varied from one replication (2 to 5 

minutes) to another. The correlation, or 

congruence (5) of spike occurrence 
with EEG wave amplitude for the same 
cell, varied as much as 20 percent from 
sample to sample. This variance is more 
consistent with findings of studies of 
cortical physiology than a constant re- 
lation would be. If the field of EEG 
activity had been greater than antici- 

pated, the slow activity might represent 
a mean excitability for the entire cell 

population rather than for the single 
cell alone. The excitability of a single 
cell, depending on its particular active 
afferents at a given moment, could be 

expected to deviate from the mean ex- 
citability. Congruence, then, is an ex- 

pression of how well an observed cell 
is represented by the mean excitability. 
Congruence should undergo orderly 
biological variation under proper con- 
ditions. 

Cells in the visual cortex were evalu- 
ated for orderly change in congruence. 
Visual stimuli (500-msec light flashes) 
were expected to activate common af- 
ferents to most visual cortical cells, and 

thereby increase the congruence, or how 
well the mean excitability or slow waves 

represented a given cell. When cells of 
visual cortex were driven with light, 
congruence or the correlation between 

spike firing and wave amplitude signifi- 
cantly increased (Fig. 3). This increase 
in congruence was observed in over 
half the cortical cells. 

From the remainder of observed 

cells, congruence was less under driven 
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Fig. 4. Examples of change in 
congruence with and without 
light flash. This type of cell 
shows increased congruence 
during spontaneous conditions 
as contrasted with driven con- 
ditions. Curves A and C are 
driven, B is spontaneous. 
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conditions than it was under spontane- 
ous conditions (Fig. 4). A small per- 
centage of visual cortical cells are not 
primarily responsive to light but either 
respond weakly to light or respond to 
other stimuli (6). Such cells would not 
be represented well by mean excitability 
under driven conditions and would bet- 
ter represent the mean when all cells 
of the area are spontaneously active. 
Under driven conditions, cells with pri- 
marily visual function are dominantly 
responsive to visual afferents not shared 
by such diffusely projecting or nonpri- 
mary afferent cells. In contrast, under 
spontaneous conditions, these two dif- 
ferent cell populations may have more 
active afferents in common. 

Regardless of conditions, almost all 
cells remained significantly correlated 
with the slow-wave amplitude. These 
experimentally produced changes are a 
matter of magnitude of congruence un- 
der the specific conditions. 

Congruence is an estimate of how 
well the mean represents a randomly 
sampled cell, and it provides an esti- 
mate of the relation of the momentary 
excitability of a given cell to that of the 
entire population. Congruence in our 
view is an index of neural homogeneity, 
and it represents how low the popu- 
lation variance around the mean ex- 
citability is. When congruence is low, 
one may assume that the variance of 
the cell population is high, and that neu- 
ral homogeneity of the population is 
low. Thus, on the reasonable as- 
sumption that the cells studied here 
constituted a random sample, the com- 
mon excitability or neural homogeneity 
can be estimated from the relation of a 
single cell to the accompanying slow 
activity from the same electrode. 

This measure of congruence repre- 
sents a new measure of neural activity 
of brain which is neither slow-wave nor 
spike, evoked potential nor integrated 
activity, but which derives instead from 
a second-order interaction of spike and 
wave. Such estimates of homogeneity 
can be accurately made on the basis of 
samples taken for as little as 1 to 2 
minutes, or even a few seconds, depend- 
ing only upon spike rate. This advan- 
tage raises the status of the relation of 
spike probability to wave amplitude 
from a static biophysical datum com- 
puted after the fact to a dynamic func- 
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In pharmacological, behavioral, and 
other site-of-action studies, if one plots 
momentary correlation values simulta- 
neously for a number of sites, the 
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changing configuration of local struc- 
tural homogeneity may be observed and 
will provide information about the rela- 
tive internal communality of excitability 
or consistency of local neural function 
(7). 
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Since the demonstration that elec- 
trical stimulation of the brain can serve 
as a reward, a number of investigators 
have concluded that intracranial rein- 
forcement (ICR) and conventional re- 
inforcement under appetitive drives 
may have different effects on behavior 
(1). The most noteworthy of these dif- 
ferences is the repeated demonstration 
that responses maintained by ICR ex- 
tinguish faster than those maintained 
by food or water reinforcement (2). 
This abrupt cessation of responding 
when reinforcement is withheld is gen- 
erally taken as the most convincing 
evidence that ICR is essentially differ- 
ent from conventional reinforcers (3). 

Recently, however, it has been sug- 
gested that differences in response to- 
pography between ICR and conven- 
tional reinforcement may account for 
these reported differences in resistance 
to extinction (4). In the typical ICR 
situation, reinforcement is administered 
immediately when the subject presses a 
lever, while conventional reinforcement 
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is made available at a chute or drinking 
nozzle some distance from the lever. 
Gibson et al. (4) showed that when the 
form of the response made for ICR 
and conventional reinforcement was 
made similar, the usual difference in 
resistance to extinction was not ob- 
served. They conclude that ICR is not, 
therefore, essentially different from 
conventional reinforcers. 

This study is open to criticism, how- 
ever. All the subjects, including those 
scheduled for ICR, were deprived of 
food during both acquisition and ex- 
tinction. Since subjects had electrode 
implants in the lateral hypothalamus, 
where electrical stimulation can elicit 
eating (5), and since it has been shown 
that hunger increases the number of 
responses emitted during extinction of 
an ICR habit (6), the generality of the 
results of Gibson et al. must remain in 
question. 

Howarth and Deutsch (7) have pro- 
posed that extinction following ICR is 
due simply to drive decay and is, there- 
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Extinction Following Intracranial Reward: 

The Effect of Delay between Acquisition and Extinction 

Abstract. Rats trained to press a bar for intracranial reinforcement gave as 
many responses during extinction as did water-reinforced controls, when ex- 
tinction came immediately after an acquisition session. However, the experi- 
mental animals gave fewer responses in extinction than water-reinforced animals 
when extinction was delayed for 1 hour after acquisition. The activity level of 
the experimental animals was high immediately after acquisition but declined 
markedly over the delay period, which suggests that resistance to extinction after 
intracranial reinforcement is primarily a function of activity level. 
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