intensity at the animal’s head was adjust-
ed to an average power density of 1 mW/
cm? as determined before irradiation by a
broadband radiation monitor placed at
the position occupied by the animal’s
head. Ambient chamber temperature
was 23° =+ 2°C. Doses of the drug with-
out radiation were given throughout the
radiation exposure series to assure that
behavioral effects of the drug alone had
not changed. A complete dose-effect
function was redetermined after the mi-
crowave series.

Before the effects of radiation on per-
formance were studied, the animals were
adapted over several weeks to the sleeve
holder by being placed in it daily for 30
minutes before the session until baseline
performance with and without the con-
straint was the same. An animal accus-
tomed to the sleeve holder showed the
same behavioral changes on the FI
schedule when given a drug dose wheth-
er or not it had been constrained in the
holder for 30 minutes before the session.

The effects of chlordiazepoxide on the
FI performance were modified in the
presence of low-intensity microwave ra-
diation. Changes in the rate of respond-
ing (total number of responses in a ses-
sion divided by the duration of the ses-
sion) on the FI reinforcement schedule
as a function of drug dose are shown for
both radiation and nonradiation condi-
tions for the four subjects in Fig. 2. The
drug-alone response rates are based on
preradiation and postradiation sessions
as well as drug-alone sessions during the
radiation series. Increasing doses of
chlordiazepoxide, in the absence of radi-
ation, produced increases in FI response
rates up to a maximum; further increases
in dose decreased response rate. These
changes in behavior on the FI schedule
as a function of chlordiazepoxide are in
accord with previous results (¢). When
the same doses of chlordiazepoxide were
combined with 1 mW/cm? of microwave
radiation, greater behavioral effects were
obtained. The general shape of the dose-
effect functions remained relatively con-
stant under the microwave condition;
however, the magnitude of the effect was
enhanced. Behavior always returned to
baseline values by the session after the
drug-alone or drug-radiation session.

A number of cumulative-response rec-
ords of drug and drug-radiation sessions
for one animal are shown in Fig. 1. The
cumulative records G through J show the
rate-increasing effects obtained with in-
creasing doses of chlordiazepoxide, as
seen by the increasing number of re-
sponses within each FI 1 interval. Com-
parison of records A (radiation alone)
and F shows that performance on the FI
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schedule following 30 minutes of ex-
posure to microwaves alone differed
little from baseline performance. [This
may also be seen in Fig. 2 by comparing
the baseline response rate (B) with mi-
crowave response rate (M).] Records B
through E in Fig. 1 show the enhanced
rate-increasing effects obtained with
chlordiazepoxide combined with radia-
tion. A comparison of the records for
each dose alone and the same dose with
radiation shows in what manner the mi-
crowave radiation increased the re-
sponse rate.

The dose-response function for
chlordiazepoxide was modified under
low-intensity microwave radiation ex-
posure in that the magnitude of the be-
havioral effect produced by the drug was
potentiated in the presence of micro-
waves. This finding is in accord with
studies measuring a variety of biological
effects that indicate an interaction be-
tween drugs and microwaves at higher
intensities or under continuous-wave
conditions (5). The present results dem-
onstrate that brief exposure to low-in-
tensity pulsed microwave radiation can
act synergistically with another agent in
affecting the behavior of an organism, al-
though the mechanism of interaction is
not clear (6).
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Making of a Sensory Discrimination

Abstract. Event-related potentials associated with detected targets in a vigilance
task were analyzed in two ways: (i) by sorting the potentials in terms of sequential
reaction time bins of 50 milliseconds and (ii) by examining the single trial waveforms.
A negative component (N2) covaried in latency with reaction time. These results
support the hypothesis that N2 reflects a decision process which controls behavioral

responses in sensory discrimination tasks.

The timing of stimulus evaluation re-
lated to discrimination between two or
more stimuli is a central issue in human
event-related potential (ERP) research
and in cognitive psychology. At some

0036-8075/79/0330-1358$00.50/0 Copyright © 1979 AAAS

time after task-related stimuli are pro-
cessed, certain brain events related to a
decision process controlling appropriate
behavioral responses must occur. A
long-latency, positive component of
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ERP’s (referred to in the literature as P3,
P300, and LPC) has been the focus of in-
vestigation for the reflection in scalp re-
cordings of such decision processes. An
essential characteristic of brain events
reflecting such decision processes is that
under appropriate experimental condi-
tions they are correlated in time with be-
havioral responses. In a recent report,
Kutas et al. reviewed the positive and
negative experimental results pertinent
to whether P3 latency is correlated with
reaction time; they presented new evi-
dence based on data from single trials,
which supports the covariation in time
between the timing of P3 and behavioral
responses (/). For cognitive psychology,
the identification of ERP’s that reflect
discrimination processes is relevant to
theories concerning stages of informa-
tion processing pivotal to selective atten-
tion. Hillyard and Picton (2), for ex-
ample, have advanced the position that
ERP’s support the hypotheses of cogni-
tive theorists, such as Broadbent and
Triesman (3), that selective attention is
composed of at least two or more stages
of selection. Selective attention to a sub-
set of stimuli (stimulus set) is hypothe-
sized to be reflected in an enhancement
of a negative ERP with a peak latency
around 100 msec (NI), and discrimina-
tion between stimuli within the attended
subset (response set) hypothesized to be
reflected by P3.

In an earlier experiment ), we found
significant correlations between P3 peak
latency and reaction time (RT) in data on
single trials. Since in some subjects the
onset of P3 occurred on the average only
a few milliseconds before the estimated
initiation of motor responses in the mo-
tor cortex, we suggested that an earlier
ERP with a latency of approximately 200
msec (N2) was associated with discrimi-
nation, but nevertheless concluded that
the onset of P3 occurred early enough to
be causally related to RT. Subsequently,
it was realized that unless the distribu-
tion of delays between P3 onset and mo-
tor activities on single trials was surpris-
ingly small, or very skewed, that a sub-
stantial proportion of the subjects’
responses were initiated in the motor
cortex before the onset of P3 (5). In that
P3 appears to occur too late to account
for discriminative motor responses, we
embarked on a series of studies to eluci-
date the nature of N2.

In the experiment just discussed, we
had been unable to observe N2 reliably.
However, Klinke et al. (6) have shown
that N2 can be clearly observed when it
is elicited by randomly omitted stimuli
embedded in a train of stimuli. Under
such a condition is N2 most clearly ob-
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Fig. 1. Averaged ERP’s re-
corded at the vertex for de-
tected targets associated with
sequential RT bins of 50 msec
for subject J.K. in the easy
and hard conditions. The num-
ber of trials included in each
averaged waveform, from top
to bottom, are 11, 19, 12, and 8
for the easy condition, and 7,
14, 17, and 15 for the hard con-
dition. The vertical line be-
neath each waveform desig-
nates the median RT associat-
ed with that average. Large
dots indicate N2. Traces begin
with stimulus onset.
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served because omitted stimuli do not
elicit P2, which has a latency of approxi-
mately 200 msec and therefore often ob-
scures N2. Accordingly, we used the
missing stimulus paradigm in two sen-
sory modalities to determine. the topo-
graphic distribution of N2 across the
scalp (7). We found that the scalp distri-
bution of N2 was modality specific. The
maximum amplitude for N2 associated
with omitted flashes was in the pre-
occipital region, whereas the maximum
amplitude of N2 associated with omitted
tones was in the vicinity of the vertex.
The scalp distribution of P3 was not spe-
cific to the modality with parietal maxi-
ma for both the omitted flashes and the
omitted tones. A follow-up study (8)
showed that when the ERP’s to the fre-
quent stimuli in a vigilance experiment
were subtracted from the ERP’s to the
infrequent (target) stimuli, the resultant
ERP waveform resembled that elicited
by the randomly omitted stimuli of the
previous investigation (7). Again, N2
was modality specific, with maxima at
the preoccipital and vertex regions for
target flashes and tones, respectively, as
was obtained for omitted stimuli. The P3
component had comparable scalp distri-
butions with parietal maxima in all con-
ditions of the two experiments.

Taken together with the results of
Klinke et al., these studies established
that (i) N2 is an endogenous ERP, as is
P3 (9); (i) N2 is associated with infre-
quent targets, as is P3, whether the tar-
gets are omitted stimuli or physically
present stimuli, and (iii) N2 and P3 de-
rive from different intracranial sources,
which, in turn, implies they reflect dif-
ferent functional activities.

Since N2 has a shorter latency than
P3, we concluded that N2 reflects detec-
tion of targets and that P3 reflects some
other functional activity because it origi-
nates from distinctly different brain sites.

100 msec per division

If the hypothesis for N2 is correct, its la-
tency should vary as a function of the
difficulty of the sensory discrimination
and covary with the timing of RT within
and across conditions. Furthermore, the
inability to observe N2 in the averaged
ERP’s of the earlier experiment, in
which the latency of P3 was correlated
with RT (¢), might be circumvented by
averaging the ERP’s according to se-
lected RT bandwidths. Longer RT’s
should be associated with longer la-
tencies of N2, and the P2 component,
which has a constant latency of about
200 msec, should be less likely to ob-
scure N2. We now present evidence that
supports these hypotheses about N2.

The data of our earlier experiment (¢),
in which the latency of P3 was correlated
with RT, were reanalyzed in two ways: (i)
by averaging subsets of ERP’s based on
trials with RT’s within selected ranges
and (ii) by determining the latency of N2
on the single-trial data. The details of the
experimental procedure are contained in
the original report (¢).

Four adult subjects participated in a
vigilance task in which 60-dB, 50-msec
tones were delivered through head-
phones at the rate of one every 2.5 sec-
onds. Embedded within the train of stim-
uli were random pitch changes which oc-
curred on the average of one in every ten
tones. The subject’s task was to detect
the random pitch changes (the targets)
and, upon doing so, to respond as quick-
ly as possible by lifting the right index
finger. There were two conditions, one in
which the difference in pitch between the
targets and nontargets was hard to dis-
criminate, and another where the dis-
crimination was easy. In both conditions
the targets were 1000 Hz. In the easy
condition, the nontargets were 2000 Hz;
in the hard condition, the nontargets
were either 1020 or 1030 Hz, the former
used for the more experienced subjects.
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Fig. 2. Single-trial waveforms for subject J.K.
for eight consecutive target detections taken
from one run of the easy and one of the hard
condition. Filled triangle, composite N2 la-
tency of two scorers. Open triangle, N2 la-
tency assigned by only one scorer. The ab-
sence of a triangle indicates neither scorer as-
signed a latency value for N2. The vertical
lines indicate a response pulse. Traces begin
with stimulus onset. Positive is up.

The ERP’s were recorded from Cz, Pz,
and Oz, with an electrode positioned
above the left eye to monitor ocular po-
tentials; all recordings were referred to
the nose. Each run continued until 20
targets had been delivered. Three sub-
jects had three runs of each condition,
and one subject (S.V.) had four runs of
each condition.

In the first analysis, the electroenceph-
alogram (EEG) associated with the de-
tected targets was averaged according to
sequential RT bins of 50 msec. Averag-
ing was calculated separately for each
subject in both conditions. As RT in-
creased, the latency of N2 and P3 length-
ened in approximately commensurate
amounts (Fig. 1). Furthermore, as N2 in-
creased in latency, both the amplitude of
P2 (about 150 msec in latency for this
subject) and of N2 progressively grew in
amplitude (10), suggesting that N2 and
P2 overlapped in time for the ERP’s as-
sociated with the trials on which the sub-
ject had shorter RT’s, thereby canceling
electrically at the scalp. Accordingly,
gradual increases in N2 peak latency
were associated with greater differences
in the peak latencies of N2 and P2, re-
sulting in increasingly less cancellation
of the two components at the scalp (/7).
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A second analysis was conducted on
the single-trial data in order to estimate
the product-moment correlations be-
tween N2 and RT based on trial-to-trial
covariations and to compare the results
of this analysis with the single-trial anal-
ysis of P3 latency and RT of the earlier
experiment (4). The raw EEG associated
with each target was examined inde-
pendently by two scorers in order to de-
termine whether N2 could be observed
and, if so, its peak latency at Cz esti-
mated to the nearest 5 msec. Each scorer
had access to all four leads, thereby tak-
ing the topography of N2 into account as
well as contamination from ocular poten-
tials. The RT data were withheld while
the judgments were made of the pres-
ence and latency of N2 on the single-trial
data, and we decided to restrict latency
estimates between a range from 125 to
450 msec. Scoring was done blind with
respect to conditions (easy versus hard).
Only those trials in which the estimates
of the two scorers were within 10 msec
of each other were accepted for statisti-
cal analysis (/2). As would be expected
from Fig. 1, N2 was observed and scored
less often for trials with short RT than
for those with long RT, presumably be-
cause N2 was obscured by P2 when N2
had a shorter latency (/3). Figure 2 pre-
sents single-trial waveforms of one sub-
ject from the easy and hard conditions.

Figure 3 presents (i) the mean peak la-
tency for those trials which met the cri-
teria for the four subjects in each condi-
tion and (ii) the best estimates of P3 and
RT. The means of P3 were taken from
latency measurements at Pz (where P3
was observed more frequently because it
was largest in amplitude at that recording
site) which met the criteria in the earlier
experiment. Mean RT was based on all
trials of a given condition (/4). The in-
crease in N2 mean latency from the easy
to the hard condition was generally com-
parable to the increase in the means of
P3 and RT. Whereas the mean dif-
ferences between P3 and RT in the easy
and hard conditions were statistically
significant in the earlier experiment for
all subjects, significant differences be-
tween the means of N2 in the easy and
hard conditions were found for only
three of the four subjects, presumably
because of the smaller number of trials
on which N2 could be observed (15).

Product-moment correlations were
calculated with the single trial values for
N2 and RT on the trials accepted for sta-
tistical analysis. Separate correlations
were obtained for easy and hard condi-
tions for each subject. With the ex-
ception of one nonsignificant correlation,
the other seven significant correlations

WL //
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Fig. 3. Mean latencies of N2, P3, and RT for
each subject in the easy (first point) and hard
(second point) conditions.

ranged from .61 to .89 (/6). In six out of
eight instances, the correlation between
N2 and RT at Cz was greater than that
between P3 and RT at Pz (for a given
subject and condition) found in the ear-
lier paper ¢, 17). These comparisons
were not based on identical trials.

In order to estimate the covariation in
latency between N2 and P3, correlations
were calculated on those trials accepted
for statistical analysis on which N2 la-
tency was determined at Cz and P3 la-
tency was determined at Pz in the pre-
vious paper (). Although the N’s were
small, the correlation coefficients ranged
from .36 to .93, six of eight being statisti-
cally significant (I8, 19).

The results of this report converge
with the considerations of the relative
timing of N2, P3, and RT, and of the dis-
tinctly different topographic distribu-
tions of N2 and P3; we conclude that N2
reflects a decision process related to sen-
sory discrimination of attended stimuli.
The correlation between the latency of
N2 and RT supports our hypothesis (7)
that the brain events underlying N2 are
responsible for, and initiate in parallel,
the neural activity related to relevant
motor responses and the processes re-
flected by P3 (20). Such a hypothesis ac-
counts for the correlations reported be-
tween the latency of P3 and RT (/, 4) and
receives support from the correlations
between the latencies of N2 and P3 ob-
tained in this experiment (/8). There
need not be significant correlations be-
tween N2 or P3 and RT in all studies,
however, as the correlation depends on
the degree and kind of motor preparation
in a given task, the subject’s relative em-
phasis on speed or accuracy of response
(1), whether subjects can ignore unex-
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pected, irrelevant stimulus changes (27),
and so forth. In this regard, P3 can be
considered to index the relative timing of
stimulus evaluation between experimen-
tal conditions (/, 21), independent of RT.
But our results suggest that P3 can be
used to assess the temporal occurrence
of stimulus evaluation because it is re-
lated in time to N2.

The data and theoretical implications
indicate that many of the hypotheses
concerning the functional significance of
the brain activity P3 reflects (22), such as
target selection (2), are more appropri-
ately regarded with respect to N2 (5).
More recent hypotheses (23) conceptual-
ize P3 as reflecting brain activities con-
cerned with future events, since P3 often
occurs too late to be involved in the be-
havioral responses related to the eliciting
stimulus. Understandably, P3 has re-
ceived more attention from investigators
than N2; it is larger in amplitude and
therefore more readily observed and
measured, whereas N2 is not only small-
er but is also often obscured by P2 (Fig.
1). Whereas P3 can index the relative
timing of stimulus evaluation between
conditions, however, N2 can more di-
rectly measure the absolute timing of
certain decision processes.
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Smooth Pursuit Eye Movements: Is Perceived Motion Necessary?

Abstract. It has recently been shown that perceived motion, in the absence of any
appropriate retinal motion, is a sufficient stimulus to generate smooth pursuit eye
motions. This raises the question of whether perceived motion is necessary for pur-
suit. In three experiments we obtained a negative answer to this question: retinal

motion always governed pursuit.

When a moving object enters the visu-
al field, it is frequently followed by the
eyes with a slow smooth motion dis-
tinctly different from the rapid ballistic
eye motions known as saccades, which
serve to change the eyes’ point of fixa-
tion. Rashbass () presented evidence
supporting the traditional viewpoint that
the stimulus for these slow eye motions
is the movement of an image over the
retina. Recently, however, investigators
have begun to argue that it is not retinal
motion but rather the perceived motion
of a stimulus that is a condition for
smooth pursuit (2). There is now evi-
dence that the eye can engage in smooth
pursuit when there is perceived motion
of a target in the absence of any appro-
priate retinal motion. It has not thus far
been demonstrated, however, that per-
ceived motion is actually necessary for
pursuit. Two relevant questions to be an-
swered are (i) whether pursuit eye mo-
tions can be elicited when there is retinal
motion but no perceived motion and (ii)
whether the smooth pursuit response of
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the eye will be to the retinal or perceived
motion of a target in a situation in which
there is a conflict between the two. An-
swers to these questions should reveal
the relative importance of perceived and
retinal motion in driving the pursuit sys-
tem.

‘We now report the results of three ex-
periments which address these ques-
tions. In one of these the pursuit behav-
ior of the eye was examined for a set of
stimulus velocities which ranged from
well below to well above our subjects’
detection thresholds. In the second, the
addition of a stationary frame of refer-
ence could be used to render visible the
slowest of these velocities, and a moving
frame of reference could be used to in-
duce the perception of motion in a stimu-
lus which was in fact stationary. In the
third experiment, eye movements were
examined under conditions in which the
phenomenon of induced motion was
used to create a conflict between the di-
rection of a target’s retinal motion and
the perceived direction of its motion.
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