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Augmenting Mental Chronometry: The P300 as a
Measure of Stimulus Evaluation Time
Abstract. A technique for measuring the lutency of the P300 component ofeventrelated brain potentials on individual trials is described. Choice reaction times and
the latency of the P300 H ere compured under speed-muximizing and under accuracymaxirnizlng instrnctions. Tlzc choice stimuli required different levels of semantic cutegorization. The dutu support the proposition that the lutency of P300 corresponds to
stirnulu~eval~lationtrrne and is independent of response selection.
In his 1938 survey of experimental
psychology. Woodworth ( I ) ventured
the hope that "brain waves" rnight be
used in the timing of mental events: "the
'speed of thought' we say; but as soon as
we set about measuring the time occupied by a thought we find that the beginning and end of any measurable time
must be external events. We may in the
future use 'brain waves' as indicators of
the beginning and end of a mental process . . . but in general it has seemed
necessary to let the timed process start
with a sensory stimulus and terminate
with a muscular response." In the decades that followed, it became clear that
while the electroencephalogram (EEG)
can be a useful index of neural pathology and global changes in a subject's
state, it cannot support studies of the
timing of specific mental events; the suggestion that brain waves may play such a
role is absent from the second edition of
Woodworth's book (2).
Yet, the need for an index of the timing of mental processes. independent of

response selection and execution tirne, is
as acute now as in the earliest days of
mental chronometry ( I ) . Much of contemporary cognitive psychology (3) is
concerned with the analysis of mental
events into their presumed stages. The
traditional approach to this problem using reaction time (RT) could be cornplemented by a measure of stimulus
processing that is independent of overt
rnotor responses. In this report we present evidence that the P300 component
of the human event-related brain potential (ERP) can serve as such an index for
measuring stimulus evaluation time.
The P300 is elicited by a class of taskrelevant events (4, 5). Its amplitude has
been shown to be directly proportional
to the "surprise value" (the reciprocal of
expectancy) of a stimulus (6). However,
before a stimulus can surprise it must be
identified. As P300 cornrnonly appears
as a discriminative response to specific
stimuli within a series, its elicitation
must be preceded by an adequate evaluation of the stimulus at sorne level of proSCIENCE. VOL. 197

cessing. Several investigators ( 5 . 7 ) have.
in fact, suggested that the endogenous
process manifested on the scalp by P300
is associated with stimulus evaluation
rather than with response selection. If
so, then P300 latency should bear some
relation to the time required for stimulus
evaluation.
This proposition has been tested, with
mixed results. by the assessment of the
covariation between R T and P300 latency. Many report a large positive correlation (8); others, however, find the
two variables to be uncorrelated (9). This
contradiction may be due to the fact that
RT is multiply determined and only some
of the variables influencing it also affect
the P300. That is. if P300 latency represents stimulus evaluation time, then
when the variance of the RT is largely
determined by stimulus evaluation, the
correlation between P300 latency and R T
will be large and positive. On the other
hand, whenever the variance of R T is determined by response selection processes. the P300-RT correlation may be
small. Kutas and Donchin (10) have. in
fact, reported that when subjects are instructed to maximize their response
speed, the correlation between the latency of mean RT and mean P300 was
substantially lower than under accuracymaximizing instructions.
This assertion, however. is based on a
comparison of a small number of mean
RT's and latencies. Clearly, the study of
the correlation between these two measures of processing time would benefit
from a procedure that permits a comparison of P300 latency and RT for each
trial of an experiment. Determining peak
latencies from the average E R P is
problematic because the amplitude of the
peak used for estimating latency is itself
dependent on the variability of the latencies from trial to trial. Ritter et n l . (I I )
estimated single-trial latencies of visually identified peaks. This, however. is a
laborious technique impractical for experiments involving hundreds of trials.
Woody (12) proposed a technique which
augments signal averaging through an estimate of the latency jitter. We utilized
this technique for measuring the latency
of the P300 component on the single trials acquired in the experiment described
by Kutas and Donchin (10).
Five University of Illinois students
viewed series of words presented on the
screen of a Plato terminal (13). The
words appeared, one at a time. every
2000 msec. Three series were used. In
the fixed names (FN) series the word
Nancy appeared on 20 percent of the trials and the word David on 80 percent of
the trials. In the variable names (VN) se19 AUGUST 1977

"Raw''

averages

Latency adjusted

Fig. 1. Event-related potentials, recorded at the parietal
electrode, and averaged over
all subjects for the three different semantic categorizations obtained during the three
different response regimes.
(A) Raw averages time-locked
to the stimulus onset; (B) latency-adjusted averages obtained by the technique described in the text.

ries the subject was presented with one
of several female names on 20 percent of
the trials and with one of several male
names on 80 percent of the trials. Finally, in the synonym (SYN) series, synonyms of the word prod appeared on 20
percent of the trials and other words on
the remaining trials (14). Each series was
used in three different experimental conditions which differed in the response required. Subjects either counted the number of times words from the infrequent
category were presented (count) or
pressed one of two buttons. depending on
the stimulus category. There were two
choice R T conditions. In one. the subjects were instructed to respond as fast
as they could (speed RT). In the other.
subjects were instructed to respond as
quickly as they could while avoiding errors (accurate RT). The EEG was recorded from Fz. Cz, Pz, C3, and C4 referred to the chin (15).
A large P300 component (>25 pv) was
elicited by the rare words: the P300 associated with the frequent words was minute (lo). In the count and accurate RT
conditions the latency of the P300 was
shortest for the F N series, longest for the
SYN series, and intermediate for the VN
series. This was not the case for the
speed R T condition. where the P300 had
similar latencies for the VN and SYN series, although both were longer than the
FN latency (16). The amplitude of P300
varied with the subject's task and with
the stimulus series.
A measure of P300 latency for all the
individual trials was obtained by using
the following procedure. The single trials

from Cz and Pz for each of the nine experimental conditions and five subjects
were treated separately. There were thus
90 separate analyses, approximately 20
trials per analysis. Each analysis proceeded as follows. All single-trial EEG
records were low-pass filtered (filter attenuating by 3 d b at 6.29 hertz) to reduce
alpha activity (17). An ensemble average
was computed: this average provided the
initial template for the latency measurement procedure. T o restrict latency
measures to the component of interest. a
subepoch of the total record was chosen
which bounded the P300 latency range
(as determined by examination of the filtered trials). For these analyses the subepoch ranged from 280 to 780 msec after
stimulus. The cross-correlation function
between each individual trial and the
template was computed over this subepoch. All the single-trial records were
then aligned at their point of maximum
correlation with the template. These
realigned records were averaged to form
a new template. New cross-correlation
functions were computed and the trials
were realigned. After each iteration, the
template provided a "better" estimate of
the average ERP. The iterations continued until no further improvement was
observed in the template (18). The final
template is an estimate of the E R P waveform adjusted for latency variability. After the final iteration. each single trial
record was associated with a number
which indicated the temporal shift required to yield the maximum correlation
between this trial and the final template.
This number is an estimate of the latency
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Fig. 2. Single-trial P300 latency plotted against reaction time, on the same trials, for the accurate
and speed RT conditions. The X's mark trials on which errors were committed. The observed
error rate was 3 percent for the accurate RT condition and 9 percent for the speed RI'condition.
As a binary choice was required. it is reasonable to assume that the observed error rate is
approximately half the actual rate. The linear regressions describing these data were y =
0.57.~ 156 with r = .66 (F = 185.65, d.f. = 240) for the accurate RT condition and y =
0 . 3 8 ~+ 276 with r. = .48 ( F = 69.86. d.f. = 239) for the speed RT condition.
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of P300 on that trial. It is important to
emphasize that the efficacy of this procedure depends on the quality of the data.
For a discussion of the precautions that
must be observed see Ruchkin and Sutton (19).
Figure 1 shows the average ERP's for
each of the three conditions for each of
the three word series averaged over all
five subjects for the rare stimuli. The raw
averages for the parietal location are
shown in Fig. 1A and the corresponding
latency-adjusted versions of these ERP's
in Fig. 1B. There is a reduction in the
variability of the P300 amplitudes after
latency adjustment. Such changes in
P300 amplitude are consistent with the
estimates of latency variability for the
different conditions based on trial-by-tria1 measures of P300 latency. The larger
the variance observed in a condition, the
greater the effect of latency adjustment
on the amplitude of the average E R P
(20). When the amplitude of P300 is thus
adjusted for latency, there appears to be
no systematic relationship between P300
amplitude and any of the experimental
variables.
That the latency adjustment reduced
the amplitude variability across conditions and that the amplitudes were affected in the same manner for all subjects suggest that the latency estimates
provided by the algorithm are valid. Further evidence is provided by a comparison of the latency estimates obtained
independently from the data recorded at
the parietal (Pz) and central (Cz) sites.
These estimates are positively correlated
(r = .61). In other words. when the al-

gorithm is applied to two sources of information about P300 latency, similar estimates are obtained.
With such trial-by-trial estimates of latency it is possible to compare the RT
obtained on each trial with the latency of
P300 on the same trial. ?'he data are presented in Fig. 2 in the form of scatter
plots. one for the speed RT task, the other for the accurate RT task. Data obtained from all five subjects for the three
word lists are presented: The following
aspects of the results are notable. The
correlation between P300 latency and RT
for all trials is low during the speed RT
condition (r = .26) and higher during the
accurate R T condition (r = .61). Removal of trials on which errors were committed increased the correlations for
both the accurate RT (r = .66) and speed
RT (r = .48) conditions. These trends
hold for all subjects in all experimental
conditions.
These data support the notion that at
least two processes are initiated by a
stimulus, a response selection and execution process indexed by the overt response and a stimulus evaluation process
indexed by the P300 component. Under
accuracy instructions where response
selection is contingent on stimulus evaluation the two processes are tightly
coupled. with RT frequently longer than
P300 latency. When subjects operate under speed instructions, stimulus evaluation is more loosely coupled with response selection; responses may be
generated before the stimulus has been
fully evaluated.
These speculations are consistent with

a striking feature of the data revealed by
the large X's in Fig. 2. On these trials the
subject pressed the button indicating the
frequent category even though the stimulus was one of the rare words. Most of
these trials occurred, as expected, during the speed R T condition. The interesting feature of these data, given that on
most of the "correct" trials P300 latency
preceded reaction time, is that on the
"error" trials P300 latency exceeded reaction time. It is as if the subject continued to process the information provided
by the stimulus even though the overt response had been generated (21). Clearly,
we have no direct knowledge that the
subject continued to process the stimuli.
Nevertheless. some process manifested
by the P300 persisted well past the response selection.
An examination of the mean deviation
of RT and P300 latencies (P300 minus
RT) provides more information concerning the relative timing of stimulus
evaluation and response generation under the different instructional regimes.
During the speed RT condition the RT
exceeded P300 on the average by
standard devia26 F 88 msec (mean I
tion). while during the accurate RT condition the RT exceeded P300 by an average of 91 i 88 msec. However, the RT
measured by microswitch closure overestimates the time at which response selection occurs. 100 msec being a reasonable estimate (22). If so, response selection was terminated before the P300 was
elicited in the speed RT condition but
was coincident with P300 in the accurate
RT condition. By contrast. during the error trials P300 latency exceeded R'1' by
179 t 148 msec. indicating that on these
trials the reaction process was initiated
long before the process associated with
P300 was terminated.
The processes revealed by these data
were described as early as 1895 by Kulpe
(23), who noted that when a person is instructed to respond to a stimulus as rapidly as possible there is "in consciousness . . . a somewhat indistinct
sensation of the initiating stimulus. Oftentimes this sensation does not become
fully clear until the reaction has been
performed." This point was also made
by James (24): "the whole succession [of
the reaction process] is so rapid that perception seems to be retrospective and
the time order of events to be read off in
memory rather than known at the moment."
That reactions to a stimulus often precede its complete processing is a phenomenon intuitively obvious. but difficult to study. The insights articulated by
SCIENCE, VOL. 197

Kulpe and James have not been tested 12. C. D. Woody. Med. Biol. Eng. 5. 539 (1967).
13. S . G. Smith and B. A. S h e w o o d , Science 192,
experimentally because processing oc344 (1976).
14.
Female names presented were Nancy, Alice. Elcurring after the motor response is
len, Milly, Marie. Cindy, Betty, Carol, Susan.
opaque to a research technology dependDebby, Janet, Jenny. Sally, Patty. Clara. Doris,
Laura. Ethel, Helen. and Rhoda. Male names
ing exclusively on overt reactions (25).
presented were David, Barry, Larry, Louis,
Henry, Aaron. Billy, Allan. Bobby. Brian,
It is the thesis of this report that the
Thomas, Howie. Oscar, Simon, Roger. Linus,
P300 component of the human ERP can
Jacob, Gordy, Derek, and Teddy. The synonyms of prod presented were goad, poke,
serve to augment mental chronometry by
shove. urge, nudge, push. prompt. spur. and
providing the index required for studying
press. Other words presented were knob. grasp,
void, clear, bare. book, yarn, clasp, seize, door,
such processes. In Woodworth's terms.
tale. grudge, rough. myth, snatch, blank, torn,
"brain waves" can be useful as incook. chair. and hook.
EEG was amplified by Brush amplifiers
dicators (at least of the end) of a mental 15. The
(model 11-4307-02) with a 2-second time constant and 30-hertz high-frequency cutoff (oneprocess.
half amplitude). The electrooculogram was reMARTAKUTAS
corded between supraorbital and canthal positions. Trials contaminated by eye movements
GREGORY
MCCAR.IH Y
were not included in any analyses. Data were
EMANUEL
DOPI'(.HIN digitized at 10 msec per point.
16. The mean P300 latencies computed from the avCognitive Ysychoplz~~siology
erage parietal ERP's in milliseconds were
Laboratory, Drpartment of Psychology,
FN = 400. VN = 500, and SYN = 580 for the
count condition; FN = 430, VN = 500, and
University of Illinois, Champaign 61820
SYN = 550 for the accurate RT condition; and
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20. The mean P300 latencies computed from the
single-trial parietal ERP's in milliseconds were
FN = 450 t 56. VN = 516 i- 74, and SYN =
559 t 99 pooled over response types, and
count = 592 t 98. accurate RT = 502 t 71,
and speed RT = 483 t 60 pooled over stimulus
categories.

21. As the subjects pressed a button on all RT trials,
it is possible to interpret the potentials we record a s the P2 of the "motor potential" rather

than as P300. We reject this explanation for the
following reasons. (i) The same ordering of P300
latency and variability for the different word series held for the count condition, which required
no overt motor reaction (means: FN = 527,
VN = 587, and SYN = 662 msec). (ii) The
ERP's elicited by the frequent stimuli have a
substantially smaller positivity (10). (iii) The
correlation between P300 latency and RT is
higher at Pz than at Cz. Correlations for errorfree trials between Cz and RT are r = .55 in the
accurate RT condition and r = .35 in the speed
RT condition. (iv) The fact that the P300 latency-RT correlation depends on the instnictional regime (speed versus accuracy) suggests
that the relation is not controlled by the motor
response. (v) The P300 often preceded the button press, especially in the correct-accuracy trials.
22. F. C. Donders, in Attention and Performance.
W. G. Koster. Ed. (North-Holland. Amsterdam,
1969). vol. 2. p. 412 (this is a translation of an
article published in 1869). Ritter and Vaughan
(5) assumed that response selection precedes
switch closure by 150 msec. This estimate implies that response selection precedes the peak
of the P300 on accurate as well as on speed RT
trials. It is impossible to measure directly when
response selection occurs: all estimates are conjectural. But even the longer of the two estimates is consistent with our interpretation.
While the peak of P300 is a convenient landmark
for measuring latencies, it does follow the inception of the component by many milliseconds.
23. 0 . Kulpe. Oritlines of Psvchology (Swan Sonneschein. London. 189.0. 407 (this is E. B. Titchener's English translation of the 1893 German
editinn)
"..,.
24. W. James, The Principles of Psychology (Dover.
New York, 1950). p. 88.
25. Within the reaction time tradition it is ~ o s s i b l e
to allow the subject to make an error detection
or correction response [for example, see P. M.
A. Rabbitt. S. M. Vyas. S. Fearnley, in Attention and Performance. P. M. A. Rabbitt and S.
Dornic, Eds. (Academic Press, New York.
1975), vol. 5, p. 3951. This, however, may confound the interval of interest with further unrelated processing.
26. Supported by ARPA, ONR contract N-000-1476-C-0002. G.McC. is supported by a University
of Illinois Fellowship. D. Ruchkin kindly provided several crucial computer programs. The
helpful comments of C. Wickens, R. Horst, and
E. HefAey are gratefully acknowledged. Address reprint requests to E. Donchin.
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Progressive Brain Damage Accelerates Axon Sprouting
in the Adult Rat
Abstract. An entorhinal cortical lesion causes undamaged Jibers in the deaf,firenfed hippoccrmpus to .sprornt and form new connections ~.itlzin4 t o 7 days after
the lesion Ivas made. When a partial lesion o f the entorhinal cortex precedes a second. morr complete rntorhinal lesion by a few days, the rate q f ' a x o n sprouting is
accelerated so that the response to the second lesion occurs ~vithinonly 2 days. This
priming efect is present Ivitlzin 4 days, lusts for a few weeks, and e~,entuallysubsides. This acceleration nzay explain, in part, the,faster recovery and reduced dejcits
seen in behavioral .studies that /za~refollowrd serial lesion paradignzs.
Brain lesions administered serially
over a few days create less functional
deficit and allow faster recovery than
single-staged lesions, even though the
general location and volume of tissue removed is equivalent (1-3). Many hypotheses have been suggested to account for
this difference (1, 2 , 4), but the underlying cellular mechanisms are not understood at present. It seemed to us that axon sprouting might be one of the under-

lying events that reduce behavioral
deficits and accelerate recovery in seri;11
lesion paradigms. Lesions of certain
nerve pathways can cause the remaining
afferents sharing the same terminal field
to "sprout" and create new functional
circuitry. In some cases these adjustments appear to minimize performance
deficits and aid in recovery of normal
function (5). Accordingly, the initial lesion in a serial lesion paradigm might ini795
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