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Event-related covariances during a bimanual visuomotor task. 
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Summary A new method that measures between-channel, event-related covariances (ERCs) from scalp-recorded brain signals 
has been developed. The method was applied to recordings of 26 EEG channels from 7 right-handed men performing a bimanual 
visuomotor judgment task that required fine motor control. Covariance and time-delay measures were derived from pairs of filtered, 
laplacian-derived, averaged wave forms, which were enhanced by rejection of outlying trials, in intervals spanning event-related 
potential components. Stimulus- and response-locked ERC patterns were consistent with functional neuroanatomical models of 
visual stimulus processing and response execution. In early post-stimulus intervals, ERC patterns differed according to the physical 
properties of the stimulus; in later intervals, the patterns differed according to the subjective interpretation of the stimulus. The 
response-locked ERC patterns suggested 4 major cortical generators for the voluntary fine motor control required by the task: motor, 
somesthetic, premotor and /o r  supplementary motor, and prefrontal. This new method may thus be an advancement toward 
characterizing, both spatially and temporally, functional cortical networks in the human brain responsible for perception and action. 
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This study was undertaken to test the hypothe- 
sis that human task performance involves coordi- 
nated processing of information by different areas 
of the brain. Prior studies have shown that when a 
brain region becomes involved in a task, some 
subset of neurons in that region becomes synchro- 
nized, and the synchronization is manifested as a 
change in the wave shape of its extracellularly 

i A part of the results concerning the covariance pattern of the 
response event reported here, has been summarized in Gevins 
et al. 1987. This paper presents a detailed description of the 
complete experimental design, the methods of analysis, ERP 
and event-related covariance results of 'exogenous' and 'en- 
dogenous' stimulus-locked data and response-locked data, and 
a discussion relating these results to other psychophysiological 
research. 
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recorded macropotential ( J o h n  1967; Elul 1972; 
Freeman and Skarda 1985; Freeman 1987). Low- 
frequency components, in particular, have been 
shown to be important for visuomotor and cogni- 
tive tasks (Legewie et al. 1969; Ishihara and Yoshi 
1972; Doyle et al. 1974; Komisaruk 1977; Gevins 
et al. 1979a,b,c). We hypothesize, therefore, that 
during performance of such tasks, coordinated 
processing will be reflected in the similarity of 
low-frequency potential wave shape among the 
regions involved. Since wave shape similarity of 
macropotentials from different areas of the brain 
can be measured by covariance and correlation 
(reviewed in Gevins 1987; Gevins and Bressler 
1988), these techniques can characterize the spa- 
tial organization of coordinated low-frequency ac- 
tivity. 

Both animal and human studies provide further 
evidence for this reasoning. Animal studies using 
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behavioral conditioning, for example, have shown 
that the functional coordination of neuronal popu- 
lations is reflected in the synchronization of their 
macropotentials (possibly with time delay) specifi- 
cally in the theta (4-7 Hz) frequency band (Adey 
et al. 1961; Efremova and Trush 1973; Livanov 
1977). Dumenko (1970) found that the correlation 
between extracellular potentials of visual and mo- 
tor cortices in dogs increases with conditioning to 
a visual stimulus, and is highest at the time of the 
conditioned stimulus and response. John et al. 
(1973) measured the relatedness of wave forms 
recorded from multiple brain locations of cats that 
were learning 2 different conditioned responses. 
On the basis of wave form similarity, he demon- 
strated differential generalization of neural activ- 
ity. Bressler (1987) reported that correlations be- 
tween the gamma band of the olfactory bulb and 
cortex in rabbits are specific to particular regions 
of each. 

In studies of human performance, Livanov 
(1977) found that correlation levels among scalp 
electrodes were higher during motor and mental 
activity than during rest. Callaway and Harris 
(1974) used a mutual information approach to 
successfully measure the degree of relatedness be- 
tween cortical areas during mental tasks. Our own 
work with human subjects to date has been aimed 
at improving the precision of spatial, temporal, 
and behavioral measurements by using more mod- 
em recording and signal processing technologies. 
In one study (Gevins et al. 1981), distinct, com- 
plex, and rapidly changing patterns of evoked 
brain potential correlation distinguished sets of 
single trials of several visuomotor tasks that dif- 
fered only in type of spatial or numerical judg- 
ment. In a later study of a brief spatial judgment 
task (Gevins et al. 1983, 1985), the site of maxi- 
mum differences between the correlations of re- 
sponse and no-response evoked potentials shifted 
during sequential stimulus-locked intervals, in a 
manner consistent with neuropsychological mod- 
els of the task. 

Major methodological improvements over our 
previous studies are reported here. More robust 
and complete methods for measuring event-re- 
lated, between-channel covariation were devel- 
oped and applied to discern differences in each 

stage of a 4 'sec long task. The methods included: 
(a) the use of laplacian derivations to reduce spa- 
tial smearing, (b) rejection of outlying trials by a 
pattern classification procedure, (c) interactive 
statistical procedures for adjusting the distribu- 
tions of behavioral variables to create highly con- 
trolled data sets, and (d) analysis of inter-elec- 
trode wave form covariance and time delay in 
numerous brief intervals. 

The task involved cued preparation, stimulus 
evaluation, response execution of precise right- 
and left-hand finger pressures, and evaluation of 
feedback about response accuracy (Fig. 1). Spatial 
patterns of wave form covariance and timing were 
derived from short intervals (Fig. 2) of averaged 
event-related potentials recorded from multiple 
scalp electrodes. Here we describe our methods 
and their application to stimulus- and response- 
locked wave forms, averaged across subjects, as a 
test of whether they produce results consistent 
with functional neuroanatomical models found in 
the literature. Part II (Gevins et al. 1989) of this 
paper presents the prestimulus and feedback- 
evoked results. 

General methods and materials 

Seven male adults were selected for participa- 
tion in this study. All were right-handed according 
to the Edinburgh Inventory (Oldfield 1971). None 
had any history of psychiatric or neurologic dis- 
ease. 

Stimuli for this experiment were presented visu- 
ally on a Videographics II amber CRT monitor, 
placed 70 cm from the subject's eyes, and sub- 
tended a visual angle of < 1.5 °. Stimuli had a 
duration of 315 msec and an illumination of 0.5 
log fL against a background of -1.5 log fL. One 
second before the stimulus appeared, a cue ('V') 
was presented at a fixation point at center screen. 
The cue was slanted to the right or left to indicate 
the responding hand (Fig. 1). In 'response' trials 
(80%), a stimulus number from 1 to 9 was pre- 
sented, slanted in the same direction as the cue; 
the subject was to respond quickly with the index 
finger of the indicated hand, with a pressure of 
0.1-0.9 kg, according to the stimulus number. A 
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R I G H T / L E F T  I N D E X  F I N G E R  - P R E S S U R E  T A S K  

CUE STIMULUS RESPONSE FEEDBACK 
GET READY REQUIRED PRESSURE HOW ACCURATE? 

FOR LEFT OR RIGHT RESPONSE PRODUCED 
RESPONSE PRESSURE 

I/ ~' RIGHT HAND 2 5 
2 . 5  UNITS 

'4 '5 LEFT HAND 3.3 
3.3 UNITS 

I I I I I 
0 1 1.5 2 3 

Fig. 1. Sequence of events in the bimanual visuomotor task. 
The right-cued, fight-hand response condition is shown above, 
while the left-cued, left-hand response condition is shown 
below. The abscissa shows time in seconds. One second follow- 
hag a cue (a slanted letter 'V'), a slanted 1-digit stimulus was 
presented. If the direction of slant (right or left) of the stimulus 
number was the same as the cue, the subject had to produce a 
precise pressure with his right or left index finger (depending 
on the direction of slant) in proportion to the magnitude of the 
stimulus number. One second following completion of the 
response, a 2-digit feedback number indicated the finger pres- 
sure that the subject actually produced. On a random 20% of 
the trials, the stimulus number was slanted in the opposite 
direction from the cue (not shown). On those 'catch' trials, the 

subject had to inhibit his finger response. 

random 20% of the trials were miscued. In these 
'no-response '  trials, the stimulus was slanted in 
the direction opposite to the cue, and the subject 
was to withhold his response. 

As feedback for response trials, a 2-digit score 
that indicated the response pressure to a tenth of a 
unit, was presented 1 sec after the peak of the 
response pressure. Response error was the dif- 
ference between the response pressure and the 
stimulus number. For  each hand, an adaptive er- 
ror tolerance was determined as the moving aver- 
age of response error for the preceding 5 response 
trials. If  the response error was less than the error 
tolerance level, the feedback number  was under- 
lined to indicate a 'win '  and the subject earned a 
bonus of about  5 cents. This was implemented to 
equaliTe task difficulty across the session and be- 
tween hands, and to provide an index of current 
performance level for each hand. I f  response onset 
was longer than 1.5 see the feedback ' O O '  was 
presented. The feedback ' O K '  was presented 1.5 
sec after the stimulus when the subject correctly 
withheld his finger response on no-response trials. 

I f  the subject incorrectly responded to a miscued 
(no-response) stimulus, he received the feedback 
' X X '  and was penalized 10 cents. 

Trials were presented in blocks of 17, with the 
task types (right and left, response and no-re- 
sponse) randomly ordered, except that the first 2 
trials were never 'no-response '  trials. The subject 
initiated a block by  pressing a button, and the 17 
trials followed automatically at 1.5 sec intervals. 
After each block, a summary  of the subject's aver- 
age response accuracy for each hand, the number  
of incorrect responses, and the monetary bonus 
earned appeared on the monitor. 

Each subject practiced the task in a pre-record- 
ing session until his performance error reached an 
asymptote.  He then performed between 800 and 
1000 trials in a recording session that lasted ap- 
proximately 5 h, including short rest periods. The 
adaptive error tolerance, as well as post-hoc proce- 
dures described below, were used to control for 
learning and fatigue. 

EEGs from 26 scalp electrodes referenced to 
the midline antero-parietal (aPz) electrode (placed 
halfway between Pz and Cz), vertical and horizon- 
tal eye movements  (EOGs), and potentials from 
responding flexor digitori muscles (EMGs) re- 
corded with bipolar electrodes, were digitized at 
128 samples /see  f rom 0.75 sec before the cue to 
1.0 sec after feedback. Approximately 8500 trials 
of data were collected from the 7 subjects and 
were edited by  2 independent raters to remove 
artifacts evident on EEG, EOG, and E M G  poly- 
graph channels. Additional trials were eliminated 
in which the response was slow, biphasic or de- 
layed beyond 1.25 see, or in which there was some 
E M G  activity in the non-responding hand or in 
the cue-to-stimulus epoch. No-response trials with 
E M G  activity were also eliminated. 

Analysis 

Prior to computat ion of event-related covari- 
ances (ERCs), analytic procedures were employed 
to reduce spatial blurring, to select trials with 
consistent event-related signals, and to control for 
task-irrelevant factors. First, the laplacian oper- 
ator was applied to the potential  distribution from 
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the electrodes that were not located at the periph- 
ery of the scalp. Second, a trial-selection method 
increased the signal-to-noise ratio of the subse- 
quent averaged event-related potential (ERP), and 
accentuated differences between the pair of condi- 
tions to be compared. Third, trials with extreme 
behavioral values were eliminated to obtain behav- 
iorally balanced trial sets. 

Averaged ERPs were formed from these lapla- 
cian, enhanced, balanced trials, then digitally 
filtered and appropriately down-sampled. Analysis 
windows were selected to span the major ERP 
peaks (Fig~ 2). Multilag cross-covariance functions 
were computed between all pairwise (by channel) 
combinations of the averaged ERPs in each 
window. The individual steps will now be pre- 
sented in detail. 

Reducing volume conduction distortion using the 
laplacian derivation (LD) 

Potentials which arise from localized sources in 
the brain become considerably blurred as they are 
volume-conducted through the skull and scalp. 

~ . q  r i 

P3E 

- ~3  

N;tR 

P3L  Pz 
o 

CUE STIMULUS RESPONSE F tEDBACK 

Fig. 2. A representative averaged wave form, from the midline 
parietal channel (Pz) of 1 subject, showing the major ERP 
components of this task and the corresponding event-related 
covariance (ERC) analysis intervals: pre-stimulus CNV, post- 
stimulus N1 and P3, response N2R, and feedback P3E and 
P3L. The response onsets of the individual trials forming the 
average varied, and the average was time-locked to the onset of 
the cue; the resulting time smear attenuated the ERP compo- 
nents of the response in this figure. This is also true for 
feedback components, since the feedback was timed to the end 
of the response. This was not a problem for the overall 
analysis, since separate response and feedback averages were 

computed, time-locked to their respective onsets. 

Consequently, they are considerably spread by the 
time they reach the scalp (Rush and Driscoll 
1969). In order to reduce this smearing and to 
remove the effect of the reference electrode, we 
used the LD to estimate the current source density 
from the scalp potential distribution. This tech- 
nique compensates for the spread of potential and 
improves the spatial resolution of scalp-recorded 
signals by approximating the local spatial second 
derivative of the potential field at a point on the 
scalp. This derivative is proportional to the den- 
sity of current exiting or entering the scalp at that 
point (Nunez 1981). (Determining the actual cur- 
rent would require knowledge of the local resistivi- 
ties of CSF, skull, and scalp.) 

Hjorth (1975, 1980) originally proposed a for- 
mulation of the LD at a particular electrode site 
using surround electrodes at hypothetically uni- 
form distances and at right angles. Since inter- 
electrode distances can vary considerably between 
people, we improved the original Hjorth technique 
by measuring the distances between electrodes, as 
did Thickbroom et al. (1984), who proposed the 
formulation 

j~S, 
fED(i) = - -  

E 1 
j~S ~JIJ 

where fED(i) is the L D  of electrode i, ~ is the 
voltage at electrode j, dij is the distance between 
electrodes i and j, and S i is the set of electrodes 
surrounding electrode i. FJectrode positions were 
measured in 3 dimensions using a 3-D digitizer 
before and after each recording session (Gevins 
1988). The distances dij were the ellipsoid arc 
lengths between pairs of electrodes. We have re- 
cently improved this technique further by using 
the exact angles of surround electrodes as well 
(Greer and Gevins in prep.). 

We excluded the 10 electrodes at the periphery 
of the recording montage from further analysis 
because there was inadequate sampling of the 
surrounding potential at these sites. (Representa- 
tion of the spatial second derivative of potential at 
a point depends on measurement of the change of 
potential in 2 orthogonal directions at the surface.) 
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Examination of the LD wave forms confirmed 
that the signal-to-noise ratios were low (poor sig- 
nal representation) at these peripheral sites com- 
pared to the other sites. Sixteen non-peripheral 
electrodes remained: left and right frontal (F3, 
F4), midline frontal (Fz), left and right antero- 
central (aC3, aC4), midline antero-central (aCz), 
left and right central (C3, C4), midline central 
(Cz), left and right antero-parietal (aP1, aP2), 
midline antero-parietal (aPz), left and right parietal 
(P3, P4),  midline parietal (Pz) and midline 
antero-occipital (aOz). The antero-central elec- 
trodes were halfway between the corresponding 
central and frontal sites, the antero-parietal elec- 
trodes were halfway between the parietal and 
central sites, and the antero-occipital electrodes 
were halfway between the occipital and parietal 
sites. 

The peaks in LD topographies were at different 
locations than the ERP topographies and were 
more spatially localized (cf., Fig. 3A and B). In 
most cases, this localization was valuable in dis- 
tinguishing overlapping components. The polarity 
of most event-related LD peaks changed across 
the scalp, in correspondence to sources and sinks 
(regions of emerging and entering 'equivalent cur- 
rent'). Thus, they were labeled by the standard 
ERP terminology (e.g., N1) according to their 
latency. 

Eliminating trials that lacked detectable event-re- 
lated signals 

We developed a simple method for choosing 
and averaging only those trials that had detectable 
task-related signals (Gevins et al. 1986). Rather 
than selecting trials that conformed to a fixed 
model of the shape of the event-related signal 
(e.g., matched filtering or 'Weiner' filtering - -  see 
reviews in Gevins 1984; McGillem and Aunon 
1987), we used a pattern classification algorithm 
to select trials that were statistically different from 
noise. Trials that could not be distinguished from 
noise were not included in the averaged wave 
forms. 

A set of event-related data consisted of EEG 
segments from a brief time interval (125 or 250 
msec), time-locked to the event of interest. This 
set was compared to a set of noise data, composed 

of EEG segments of the same length, but ran- 
domly timed with respect to stimulus and re- 
sponse events. The distributions of the event-re- 
lated and noise sets had, on the average, similar 
statistical properties. Therefore, a sophisticated 
mathematical pattern classification algorithm was 
needed to discriminate the 2 sets based on the fact 
that the event-related segments were non-sta- 
tionary and the noise segments were stationary 
(Gevins and Morgan 1986). 

The algorithm constructed equations that dis- 
criminated the 2 sets on a channel-by-channel 
basis. Averaged ERPs for each channel were 
formed from trials containing event-related seg- 
ments that were correctly discriminated from noise. 
'Selected trial sets' for each subject were formed 
from trials containing segments that were cor- 
rectly discriminated from 'noise' in the majority 
of channels with significant (P < 0.01) event-re- 
lated signals. 

The procedure was performed for individual 
subjects and channels, using low-pass filtered data 
(17-point linear-phase finite-impulse response, 3 
dB attenuation at 7 Hz, 20 dB attenuation at 16 
Hz), down-sampled from 128 to 32 Hz. Trial 
selection of stimulus-locked data used a 250 msec 
wide interval centered 375 msec after the stimulus. 
Trial selection of response-locked data used a 125 
msec wide interval, centered on the peak of the 
response-related wave form for each subject. This 
peak latency varied from 38 to 86 msec after 
response onset, as measured from the finger-pres- 
sure transducer channel. 

Controlling for irrelevant between-condition vari- 
ables 

It was important to balance the data set from 2 
conditions for stimulus-, response- or perfor- 
mance-related variables that were different from, 
but unrelated to, the intended comparisor. For 
example, it was important that the pressure "of left- 
and right-handed responses did not differ. For 
each between-condition comparison for each~Jsub- 
ject, the 2 sets of event-related, signal-bearing 
trials were statistically balanced by eliminating 
trials that had outlying values of irrelevant vari- 
ables (Gevins et al. 1981, 1985). "this procedure 
involved an interactive program that displayed the 
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TABLE I 

Numbers of original and final trials for stimulus-locked and response-locked data (averaged across 7 subjects). 
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Stimulus-locked Response-locked 

Right-cued Left-cued Right-cued Left-cued 

Response No-response R e s p o n s e  No-response 

Original trials 1345 539 1284 537 1395 1219 
Final trials 790 354 717 339 1079 906 

means, Student's t tests, and histograms of about 
50 behavioral variables, such as response time, 
pressure, velocity, acceleration, duration and er- 
ror, as well as stimulus parameters, indices of 
muscle activity and 'arousal '  (integrated energy 
measured from the Pz electrode, and computed in 
500 msec epochs before and after the onset of 
each event). Between-condition balance was 
achieved when the Student's t test for each vari- 
able of comparison had a significance of 0.2 or 
greater. 'Enhanced'  averages of these event-related 
time series were then computed for each condition 
from the LD, signal-bearing, balanced trial sets of 
each subject. 

For stimulus-locked wave forms, data sets of 
right- and left-hand responses were balanced for 
pressure, duration, velocity, acceleration (when 
possible), and error of response. Data sets of each 
individual subject were pruned of trials that had 
high reaction times ( >  3 S.D.s), but were not 
balanced between hands because of inherent hand 
differences. No-response (miscued) sets were bal- 
anced with the corresponding response sets 
(according to cued hand) by pruning no-response 
trials that contained outlying indices of prestimu- 
lus ' arousal.' No-response sets were then compared 
between hands and did not require further balanc- 
ing. The numbers of trials in the original and final 
data sets are given in Table I. 

Response-locked sets for each subject were 
pruned of trials with reaction times > 3 S.D.s and 
balanced between hands for the other response 
variables listed above. Reaction time and EMG 
indices were not balanced, because of hand 
differences within subjects, but mean reaction time 
across the 7 subjects was almost the same between 
hands (fight hand mean---611 5-136 msec, left 
hand mean = 619 5- 137 msec). The onset of the 

EMG occurred, on the average, 60 msec before 
initiation of the response. The numbers of original 
and final trials are given in Table I. 

B e t w e e n - c h a n n e l  cooar iance  m e a s u r e s  

The prestimulus events of enhanced averages 
were bandpass filtered with a delta band filter (for 
the low-frequency contingent negative variation) 
and the other events were filtered with a theta 
band filter (Fig. 3C). Each filter was a gaussian 
F IR  type, with no side lobes in the time response 
for the delta case, and 1 side lobe for the theta 
case. This lobe limited the time smear to the 
minimum possible smear for each passband and, 

A B C 
POTENTIAL LAI~ACIAN DERIVATION THETA-BAND FILTERED 

(AVERAGE REFERENCE) LAPLACIAN DERIVATION 

STIM '500 STJM 'SO0 '500 
. ~ r r  mSEC mSEC 

Fig. 3. A: stimulus-locked averages (of all 7 subjects; N = 790) 
of potentials from midline electrode sites under right-hand 
response conditions. B: unfiltered laplaeian derivations (LDs). 
C: theta band filtered LDs. Positive potential is up for A; 
emerging 'equivalent current' is up for B and C. The term 71 in 
the units for the LD indicates that for each electrode, the 
voltages at the neighboring electrodes were weighted by the 
mean of the distances to those neighbors. The post-stimulus 

N1 is shown, for the midline antero-occipital (aDz) electrode. 
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in particular, ensured that analysis windows did 
not include major contributions from other peaks. 
Also, since the filters were zero phase, they did 
not introduce any time shifts. Nonetheless, we 
compared filtered and unfiltered averages to en- 
sure that the filtering did not differentially distort 
the relative amplitudes and latencies of the 
analyzed peaks. 

Multi-lag covariance functions were computed 
for the enhanced, filtered averages (Fig. 4). The 
covariance analysis interval used for computing 
each covariance function was the width of 1 period 
of the band-center frequency of each filter. 
Down-sampling factors were determined by the 20 
dB rejection point, and covariance functions were 
computed up to a lag time of one-half period of 
the high frequency for each band. The interval 
length for the theta (4-7 Hz) band was 187 msec, 
corresponding to one period at 5.5 Hz. The theta- 
filtered data, originally sampled at 128 Hz, were 
down-sampled by 6, and the covariance function 
computed to 8 lags ( + 6 2  msec). The interval 
length for the delta (0.1-3 Hz) band was 375 
reset, corresponding to one period at 2.5 Hz. 
Delta-filtered data were down-sampled by 8, and 
the covarianee function computed to 16 lags ( + 125 
msec). The covariance measure was defined as the 
maximum absolute value of the covariance func- 
tion, and the time delay as the lag time of that 
maximum. (Note that the covariance is not nor- 
malized by signal strength and is therefore sensi- 
tive to the amplitude, as well as to the shape, of 
time series from the 2 channels.) 

Covariance measures were converted to signifi- 
cance scores (after square root transformation was 

used to approximately normalize the signal- 
squared covariance distribution) by comparing 
them with the noise median and with Tukey's 
biweight estimate of noise variance (Iglewicz 1983). 
Tukey's biweight estimate was computed from 
sample distributions of zero-lag covariances be- 
tween intervals centered around data points with a 
minimum energy envelope. For N data points, the 
covariances have N - 1 degrees of freedom. Thus 
the theta band covariances were computed from 5 
down-sampled time points, and had 4 degrees of 
freedom. Despite this low value, significances fre- 
quently reached P < 0.00001. Adjustment for mul- 
tiple comparisons within an interval (120 pairings 
of 16 non-peripheral channels) was done by a 
Duncan procedure, in which the number of chan- 
nels was taken as a conservative approximation of 
the number of independent covariance pairs. 

To test the mean difference between the ERC 
patterns under 2 conditions, the Student's t test 
was applied to the distributions of all significant 
ERCs for each condition. Similarity between 2 
ERC patterns, irrespective of the magnitudes of 
the ERCs, was measured with an estimate of the 
correlation, and its confidence interval was pro- 
duced by the distribution-independent "bootstrap' 
Monte Carlo procedure (Efron 1982). This gener- 
ated an ensemble of correlation values, each com- 
puted for a sample of the ERC distribution formed 
by random selection with replacement. 

To show the most prominent results, all signifi- 
cant ERCs within I S.D. from the maximum value 
in that interval were displayed (Fig. 4). Diagrams 
of ERCs within 2 S.D.s were also examined for 
additional information. Both time series contrib- 

Fig. 4. A: schematic diagram on a top view of a model head, showing the relationship of an ERC line (left) to the ERP wave forms 
from the 2 corresponding electrode sites (right). The ERC was computed over the indicated 187 msec analysis interval from the theta 
band-filtered, averaged, response-locked LD ERP segments. In the ERC diagram, the width of a line connecting 2 sites indicates the 
significance of the covariance between the ERP wave forms from those sites, with the scale appearing above the word 'significance.' 
The color of the line indicates the time delay in msec (lag time of maximum ERC) as shown in the scale above 'msec delay.' The 
color of the arrow indicates the sign of the ERC (same color as line = positive; tan = negative). The arrow points from the leading to 
the lagging channel, unless there is no delay, in which case a bar is shown. The ERC between aPz and aCz is significant at P < 10 -3. 
The aPz wave form leads the aCz wave form by about 16-31 msec (green line), and the ERC is positive (arrow also green). B: 
schematic diagram showing all possible ERC lines between pairs of the 16 non-peripheral electrode sites. All 26 electrode sites are 
indicated a s  red disks, but computation of an adequate estimate of the LD was not actually possible at the 10 peripheral sites. Since a 
ring of peripheral electrodes must be expended in order to estimate the LD at the interior sites, there are still large unrecorded scalp 

areas even when recordings are made with 26 electrodes. 
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uting to each significant ERC were examined to 
ensure that the ERC was due to the primary ERP 
component, and not to any interactions resulting 
from the unavoidable time smear caused by nar- 
row-band filtering (Fig. 3C). The most prominent 
electrode site was the one that covaried signifi- 
cantly with the most other sites. Other prominent 
sites covaried with more than one-half the number 
of sites of the most prominent site. 

R e s u l t s  

Stimulus-locked wave forms 
The unfiltered LD response and no-response 

wave forms, averaged over all 7 subjects, con- 
tained peaks at different sites; these peaks corre- 
sponded to N1 at 130-140 msec and P2 at 230-240 
msec (Fig. 5). The entering current, corresponding 
to N1, was greatest at the lateral parietal sites (not 
shown). There were 2 sites of maximal exiting 
current: the midline antero-central and midline 
antero-parietal sites, corresponding to the anterior 
and posterior fall-off of the potential field. It is 
likely that N1 at the anterior sites involved resolu- 
tion of the contingent negative variation (CNV; 
Tecce 1972). 

Right- and left-hand response wave forms con- 
tained a P3 wave, approximately 250 msec wide, 
centered near 350 msec, with maximal emerging 
current at Pz (Fig. 5, left). The infrequent no-re- 
sponse wave forms had a much larger P3 wave, 
with maximal emerging current at aCz (Fig. 5, 
right). The response P3 wave had the posterior 
maximum characteristic of the task-relevant 'P300' 
peak reported in the literature (e.g., Squires et al. 
1977). The no-response P3 had the larger ampli- 
tude characteristic of the probability-sensitive 
'P300,' and the anterior maximum characteristic 
of the 'no-go'  P3a (Squires et al. 1975). 

In response wave forms, a slow shift corre- 
sponding to response preparation began after P2, 
and peaked at about 600 msec (Fig. 5, left). Enter- 
ing current was largest at aCz, with larger ampli- 
tude at central sites contralateral to the respond- 
ing hand (not shown). (For the right response, the 
amplitude of C3 was approximately 9 times greater 
than the amplitude of C4; for the left response, 
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Fig. 5. Right-hand response (A, N = 790) and right-hand no-re- 
sponse (B, N = 354) averaged, unfiltered, 7-subject, stimulus- 
locked, LD wave forms from rnidline electrode sites. The N1 
peak and corresponding ERC analysis interval are shown for 
the aOz electrode, the P2 peak is shown for the Pz electrode, 
and the P3 peak and interval are shown for the aCz (midline 
antero-central) electrode. The difference between conditions is 
highlighted by the large P3 peak (maximal at aCz) in the 
infrequent no-response condition. Emerging 'equivalent cur- 

rent' up. 

the amplitude of C4 was about 2.5 times greater 
than the amplitude of C3.) In no-response trials, a 
broad 'slow wave' peaked at 550 msec at Fz and 
700 msec at aCz, then extended past 1 sec (Fig. 5, 
right). The slow wave had large entering current at 
midline central and frontal sites (maximal at aCz), 
but was small elsewhere. 

Theta filtering emphasized the early peaks, in- 
cluding the no-response anterior P3 wave, and 
eliminated the slower response preparation and 
slow wave components. It also resolved the wide 
posterior P3 wave into 2 theta band peaks. 
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Stimulus-locked ERCs 
ERCs were computed for the theta band-filtered 

data in a series of 187 msec wide intervals centered 
before and after the stimulus. ERC patterns were 
highly consistent over the early intervals, reflect- 
ing the high degree of synchrony of the filtered N1 
and P2 peaks. In a representative interval centered 
62 msec after the stimulus (Fig. 6), there was a 
common pattern for both the right and left re- 
sponse stimulus conditions at the threshold of 1 
S.D. It consisted of ERCs of the midline antero- 
parietal site with midline parietal and antero- 
central sites. In these early intervals, the fight- 
slanted stimulus patterns, but not the left, also 
involved the fight parietal site (P4). At 2 S.D.s 
from the maximum ERC, however, the left stimu- 
lus patterns included both P3 and P4, whereas the 
right stimulus patterns included P4 and aC3, but 
not P3. In these early intervals, the patterns for 
response and no-response conditions were also the 
same. 

In order to test the significance of the 
between-condition difference observed in the pat- 
terns of Fig. 6, we used the Student's t test to 
compare the distributions of all the significant 
ERCs (P  < 0.05) of the right and left stimulus 
patterns. The distributions of right and left stimu- 
lus ERC patterns were significantly different at 
P < 0.05 (t = 2.1, df= 238). The bootstrap corre- 
lation was 0.86 _+ 0.02. Thus, although the distri- 
butions were significantly different in overall scale, 
they had a similar underlying pattern. 

The ERC patterns of response and no-response 
trials diverged by the interval centered at 281 
msec (not shown). As characterized by the 312 
msec centered pattern (Fig. 7, fight), the Pz site 
was prominent in the response patterns and had 
significant ERCs with right parietal and antero- 
parietal, midline and left antero-central and right 
frontal sites. The midline antero-central site was 
prominent in the no-response patterns and co- 
varied with Pz, F3, Fz, and aC4 (Fig. 7, left). The 
aCz-Fz ERC, with aCz leading by 48-79 msec, 
was particularly characteristic of the no-response 
patterns during the intervals from 281 to 375 
msec. The difference between the distributions of 
all significant ERCs (P  < 0.05) that corresponded 
to the response and no-response patterns observed 

in Fig. 7 was highly significant at P < 0.001 (t = 
11.8, df= 238). The bootstrap correlation was 0.50 
+ 0.02. Therefore, the scale difference between the 
response and no-response distributions was highly 
significant, but they had some common ERCs. 

The response patterns underwent another 
change at the 375 msec centered interval, as the 
intervals approached the onset of the response. 
The patterns became more complex, with more 
ERCs involving more electrode sites. By the 500 
msec interval, the right- and left-hand response 
patterns involved the same sites, with prominent 
involvement of aCz. The no-response patterns did 
not undergo any major changes from the 281 to 
500 msec centered intervals except that they di- 
minished in complexity. By 500 msec, the only 
significant no-response ERC (at either the 1 or 2 
S.D. thresholds) was aCz-Fz, with aCz leading by 
48-79 msec for both hands. 

Response-locked wave forms 
The unfiltered LD wave forms (Fig. 8) con- 

tained a slowly increasing shift that corresponded 
to the readiness potential (RP). It was maximal 
before the onset of the response and was char- 
acterized by an increase in slope that peaked 62 
msec after the response began ( 'N2R'),  and by a 
component that peaked 187 msec after the re- 
sponse began ( 'P2R'). The N2R peak was local- 
ized to only a few midline sites, and to sites 
contralateral to the responding hand. Current sinks 
were anterior (maximum at aCz). Current sources 
were posterior: the only sources were C3, aP1 and 
P3 for the right hand, and the homologous right- 
hemisphere sites for the left hand. 

Left- and right-hemisphere maxima were at aP1 
and aP2, respectively; therefore, there was an an- 
terior-posterior inversion of polarity, but no inver- 
sion along the midline. 

The P2R component was present at only a few 
electrode sites; it was absent at aCz, where the RP 
and N2R were strongest. For the right-hand re- 
sponse, the maximum current sink was at C3, and 
principal sources were at Cz and F3. For the 
left-hand response, the maximum sink was at C4; 
the sources were at Cz, F4, and aC4. Theta band 
filtering removed the RP and enhanced N2R and 
P2R. 
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Response-locked ER Cs 
ERCs were computed for a series of 187 msec 

wide intervals centered on the theta band-filtered, 

response-locked averaged LD wave form before 
and after onset of the response. In the interval 
centered 187 msec before the response, the ERC 
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Fig. 6. View of the most  significant (within 1 S.D. of largest 
value) ERCs from the stimulus-locked, LD N1 wave of the 
response condition, superimposed on colored maps  of N1 wave 
amplitude. ERCs were measured during a 187 msec wide 
interval, centered 62 msec after left (left) and right (right) 
s t imulus onset, from the theta band-filtered averages over all 7 
subjects. The ERC diagram conforms to the significance, sign, 
and delay scales of Fig. 4A. The color scale at the left, 
representing wave amplitude, covers the range from the minimal  
to maximal  values of the 2 maps. For both left- and right- 
handed  conditions, there is a max imum of wave amplitude 
occipitally and a m i n i mum at the midline antero-central (aCz) 
site. C o m m o n  ERCs for both left- and right-hand conditions 
exist between midline parietal (Pz) and antero-parietal (aPz), 
and between midline antero-parietal and antero-central sites. 
Additional ERCs for the right-hand condition, involving the 
right parietal (P4) site, reflect the lateralization of the N1 peak 

at parietal sites. 

Fig. 7. View of the most  significant (top s tandard deviation) P3 
ERC patterns superimposed on colored maps  of integrated P3 
amplitude. Measurements  were made from theta band-filtered 
averages over all 7 subjects, during an interval 218-405 msec 
after onset of the right-cue stimulus, for pressure response 
(right) and no-response (left) conditions. The midline parietal 
site is prominent  in the pattern for the response condition, and 
the midline antero-central site is prominent  in the infrequent 
no-response condition. Pz lags most  other sites in the response 

condition, while aCz lags in the no-response condition. 

INDEX FINGER PRESSURE 

L E F T  H A N D  
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Fig. 8. Response-locked, unfiltered, LD wave forms of lateral 
electrode sites for left- and r ight-hand index finger responses. 
The RP (readiness potential), ' N 2 R '  and 'P2R '  components  
are indicated, as is the N2R ERC interval. Note the reversals 
of polarity in N2R and P2R between C3 and aC3 (right hand), 
and between C4 and aC4 (left hand). Emerging 'eqmvalent  

current '  up. 

Fig. 9. View of the most  significant (top standard deviation) ERCs from the N2R wave superimposed on colored maps  of the 
amplitude of that wave for left- (left, N = 906) and r ight-hand (right, N = 1079) index finger responses. N2R ERCs were measured 
during a 187 msec interval centered on the peak of left-hand and r ight-hand index finger pressures from theta band-filtered averages 
over all 7 subjects. The ERC diagram conforms to the significance, sign, and delay scales of Fig. 4A. The maximal wave amplitude is 
at laterahzed central (C4 and C3) and antero-parietal (aP4 and uP3) sites, while the minimal  amplitude is at the m~dhne 
antero-central (aCz) site. Note that the aCz site ~s involved in all ERCs m this interval. The patterns are distinctly lateralized 
according to responding hand. The sign of ERCs involving aCz is positive for lateral frontal sites, and negative for lateral central and 

antero-parietal sites. Note the 16-31 msec lag between aCz and Fz. 
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patterns were weak and did not differ appreciably 
between hands. The ERC patterns became strong 
and contralateral to the responding hand begin- 
ning with the interval centered at the response 
onset. 

Right- and left-hand patterns within the thresh- 
old of 1 S.D. were nearly mirror images in the 
N2R interval (Fig. 9), centered 62 msec after 
response onset. The aCz site was involved in all 
ERCs in both patterns. This site covaried with 
short delay (0-15 msec) with the antero-parietal, 
central and frontal sites contralateral to the re- 
sponding hand (and with the left antero-central 
site for the right-hand pattern), and with the mid- 
line central site. Additionally, aCz led Fz by 16-31 
msec. The ERCs of aCz with aP1 and C3 for the 
right hand, and with aP2 and C4 for the left, were 
negative. ERCs were positive for aCz with aC3 
and F3 for the right hand, and with F3 for the 
left. Additional ERCs, which were included at the 
2 S.D. threshold, were all contralateral to the 
responding hand. The only other sites involved 
were P3 for the right-hand pattern, and P4 and 
aC4 for the left. Right- and left-hand patterns in 
the interval centered at 187 msec, at both 1 and 2 
S.D.s, involved the same sites as in the 62 msec 
centered interval. The lags increased from the 
0-31 msec to the 16-47 msec range. 

The distributions of all significant response-re- 
lated ERCs during the 62 msec centered interval 
differed significantly between right and left hands 
at P < 0.02 (t = 2.6, df= 192). The bootstrap cor- 
relation was 0,06 ± 0.12. Thus, not only were the 
distributions significantly different from each 
other, they were also uncorrelated. 

Discussion 

This study suggests that the method of event-re- 
lated covariance (ERC) can measure signs of the 
dynamic functional cortical networks underlying 
goal-directed behaviors at the scalp. Indeed, the 
distinct, rapidly changing spatial patterns of wave 
form synchronization seen in event-related covari- 
ance maps correspond to clinical neuropsychologi- 
cal models of a simple numerical judgment task 
that requires visual stimulus processing followed 
by response execution. Furthermore, having found 

specific task-related time differences between wave 
forms within a given analysis interval, we suggest 
that functional cortical networks may be char- 
acterized by the time relations of activity at their 
nodes. While the ERC patterns suggest functional 
co-involvement of underlying cortical regions, we 
must reiterate that the actual generators are in fact 
unknown, and further studies will be needed to 
determine what they are. With this caveat in mind, 
we present a discussion of the functional neuro- 
anatomical implications of the results. 

Response-related ERPs and ERCs 
Since ERC patterns for the robust N2R and 

P2R components of response-related wave forms 
were simple and clear cut, they will be discussed 
first. There were several main findings. First, the 
midline antero-central electrode site (aCz), overly- 
ing premotor and supplementary motor cortices 
thought to be involved in planning and execution 
of precise finger control (Ingvar and Philipson 
1977; Foit et al. 1980; Roland et al. 1982), was 
central to all response-related patterns. Second, 
response-related ERC patterns reflected an inver- 
sion of polarity in the filtered LD wave forms 
between the lateralized central and the lateralized 
antero-central a n d / o r  frontal sites. The polarity 
reversal, possibly extending across the central 
sulcus, may reflect a single dipole source generator 
in the finger region of the motor cortex. However, 
if this were the case, the 2 poles of the generator 
would be highly covariant, that is, there would be 
high covariance between lateral, antero-central, 
and central sites. Since this was not so, we favor 
the interpretation that there are 2 closely spaced 
generators, 1 motor (antero-central) and 1 somes- 
thetic (post-central). Third, midline ERCs of the 
antero-central site with the frontal and central 
sites were response features common to both 
hands. The ERC between the antero-central and 
central sites had a short-lag delay and may reflect 
volume-conducted activity from a single genera- 
tor. The longer-lay delay (16-31 msec) between 
the antero-central and frontal sites suggests the 
presence of 2 distinct generators, although ad- 
ditional studies are required to rule out a ' rotat- 
ing' single generator as the source of the covari- 
ance (Fender 1987). 
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The findings reported here thus support the 
conclusion that during the N2R and P2R compo- 
nents of a voluntary, skilled, ballistic finger re- 
sponse, there are at least 4 primary cortical gener- 
ators: one midline in premotor a n d / o r  supple- 
mentary motor cortices; another midline in pre- 
frontal cortex; a third in the hand region of motor 
cortex contralateral to the responding hand; and a 
fourth in the contralateral hand region of the 
somesthetic cortex. These areas are the same as 
those determined by studies of direct cortical re- 
cordings of motor potentials in humans and 
monkeys (Arezzo and Vaughan 1975; Pieper et al. 
1980), although prefrontal involvement was absent 
in monkeys. 

Stimulus-related ERPs and ERCs 
The stimulus-related patterns displayed several 

characteristic features. For example, the patterns 
of intervals within the first 250 msec differed 
according to the slant of the stimulus. There were 
short-delay ERCs involving the midline antero- 
parietal site, midline antero-central site, and mid- 
line parietal site in the patterns of all the condi- 
tions. This suggests that perceptual processing in 
parietal areas was coordinated with motor ini- 
tiation control in supplementary motor a n d / o r  
premotor areas that had been 'primed'  for re- 
sponse by the cue. 

The right parietal site was a salient feature of 
the ERC patterns for the right-slanted stimulus, 
regardless of cue. For the left-slanted stimulus, 
there was weak involvement of both the right and 
left parietal sites (both of which were only evident 
at the 2 S.D. threshold). Therefore, the right 
parietal site was involved regardless of the stimu- 
lus and was stronger when the stimulus was slanted 
to the right. The left parietal site was involved 
when the stimulus was slanted to the left. The 
appearance of the right parietal site in patterns for 
both fight and left hands may reflect the impor- 
tance of that region for humans performing atten- 
tional tasks (Mesulam 1981). Our result may be 
compared with the finding of Heilman and Van 
den Abell (1980) that the right parietal lobe is 
focally activated by stimuli projected into either 
visual field, whereas the left is only activated by 
stimuli projected into the right field. The fact that 

the component that changed hemisphere in our 
ERC patterns was ipsilateral, rather than con- 
tralateral to the stimulus direction, may be ex- 
plained by a contralaterally activated, but 
obliquely oriented generator that projects its field 
ipsilateral to the slant of the stimulus. Even though 
the stimulus subtended only a small visual angle, 
its tilt into one-half of the visual field may have 
evoked an obliquely oriented generator popula- 
tion, possibly buried in the parieto-occipital sulcus. 
Such a 'paradoxical '  ipsilateral posterior peak of 
potential in response to foveal visual stimulation 
has been reported by Barrett et al. (1976). 

The ERC patterns began to differ according to 
the type of response after the early intervals, while 
differences related to the physical characteristics 
of the stimulus disappeared. By the interval 
centered at 312 msec after the stimulus, which 
spanned the P3 wave, the ERC patterns clearly 
differed according to the subjective interpretation 
of the stimulus, rather than to the stimulus per se. 
The difference between the anterior (aCz) con- 
centration of ERCs in the no-response condition, 
and the posterior (Pz) concentration in the re- 
sponse condition, is consistent with other studies 
of go /no-go  tasks (see summary in Tueting 1978). 

There has been considerable interest in the 
neural substrates of the P3 component, with evi- 
dence of widespread cortical and subcortical 
sources (Halgren et al. 1980; Wood et al. 1980; 
Okada 1983; Glover et al. 1986; Velasco et al. 
1986). The complex pattern of covariance and 
delay for the P3 wave in the infrequent no-re- 
sponse condition suggests that more than one 
source is responsible for its generation. In particu- 
lar, the long-lag delays (48-79 msec) of the mid- 
line antero-central with the midline and left fron- 
tal sites, as well as the concurrent short delays 
( <  31 msec) of the midline antero-central with 
right antero-central and midline parietal sites, are 
difficult to reconcile with the notion of a single 
generator. 

The ERC between Fz and aCz was prominent 
in later intervals of both response and no-response 
stimulus-locked patterns. Examination of the 
filtered wave forms showed that aCz and Fz 
changed shape in the period from 375 to 500 msec 
post stimulus, so that the aCz site led Fz with 
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short delay in the response condition and with 
long delay in the no-response condition. This ap- 
parent condition-dependent adjustment in the tim- 
ing of the wave forms, along with the significance 
of their ERC, suggests that the relation of these 2 
sites is an important sign of the subjective deci- 
sion to execute or withhold the finger press. Since 
aCz was a prominent site in all response patterns, 
its short-delay timing relation to Fz may reflect a 
higher order cognitive control process for the ini- 
tiation of response. The midline frontal electrode 
site overlies the prefrontal cortex, which is known 
to be involved in the temporal organization of 
behavior (Ingvar 1985; Stuss and Benson 1986). 

ERC method: advances, remaining issues 
The methods presented here represent a signifi- 

cant advance over those of our previous studies 
(Gevins et al. 1981, 1983, 1985), in that we have 
now found task-specific scalp patterns of mass 
neural integration that conform to a priori predic- 
tions based on the presumed function of underly- 
ing cortical areas. It is unlikely that volume con- 
duction blurring played a significant role in the 
resulting scalp ERC patterns. First, the LD greatly 
reduced the effect of blurring from the spatial 
spread of potential. Second, because we consid- 
ered only the most significant ERCs, we reduced 
any global effects due to potential spread. Third, 
although volume conduction cannot be ruled out 
as the basis for ERCs between neighboring sites, 
ERCs due to volume conduction would tend to be 
greatest for nearby sites and would decrease uni- 
formly with distance in all directions. Volume- 
conduction blurring is not considered to be a 
major factor in determining the ERC patterns 
since the patterns presented here were highly 
localized and involved ERCs between sites with 
non-covarying intervening sites. 

Although we cannot rule out subcortical 
sources, the same reasoning makes it seem un- 
likely that they are directly responsible for the 
ERC patterns. Subcortical sources would tend to 
produce diffuse scalp patterns in which all inter- 
vening sites covaried. We should emphasize, how- 
ever, that even if all the sources of the scalp ERC 
patterns are cortical, the ERCs do not necessarily 
result from direct communication between cortical 

regions. There are numerous pathways, involving 
subcortical and other cortical structures, that could 
account for the measurement of similar wave forms 
from any 2 cortical regions. 

Determination of the actual sources of these 
ERC patterns awaits further studies using com- 
bined electrical, magnetic, and radiological data, 
as well as intracerebral data from human patients 
and non-human primates. Since these studies may 
require a separate analysis of each subject, we are 
concerned with-the issue of inter-subject variabil- 
ity. The variability of ERC patterns between sub- 
jects for the pre-stimulus interval of the present 
experiment has been discussed elsewhere (Gevins 
et al. 1987) and will be summarized in part II. We 
are currently investigating the inter-subject vari- 
ability of the other events (Gevins et al. in prep.). 

The measurement of event-related covariances 
is currently the only practical means of identifying 
narrow-band, fraction-of-a-second patterns of 
wave shape similarity and timing differences be- 
tween event-related signals recorded from differ- 
ent scalp sites. Measurements of spectral coher- 
ence, as are conventionally estimated from 
smoothed periodograms or autoregressive models, 
have not yet achieved a similar degree of temporal 
and frequency resolution (reviewed in Gersch 
1987). Likewise, measures of mutual information, 
used to estimate the degree of relatedness between 
2 averaged event-related time series (Mars and 
Lopes da Silva 1987), require a substantially longer 
data segment. By definition, topographic maps of 
potential or metabolic activity do not show this 
type of information. 

Conclusion 

Our findings suggest that a network model, 
'connectionist,' approach to human brain function 
is feasible. There are indications, from the stimu- 
lus-locked ERC intervals, for example, that corti- 
cal processing of the meaning of the stimulus 
evolves into processing the choice of response at 
approximately 300 msec post stimulus. This find- 
ing is consistent with models of cortical informa- 
tion processing (John and Schwartz 1978) that 
distinguish between early exogenous and later en- 
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dogenous processes. The response-related ERC 
patterns agree with multi-component neurophysio- 
logical and radiological models of the cortical 
activity that accompanies voluntary responses 
(Roland et al. 1982; Deecke et al. 1985). Taken 
together, the results presented here clearly suggest 
that intelligible signs of task-specific coordination 
are available from the distributed mass neural 
processes of the brain (Freeman 1975, 1987). In 
part II of this report, we present the application of 
the ERC method to higher cognitive functions. 
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