
dramatic changes in their contractile 
characteristics (13, 14). Furthermore, 
the optical axes are not fully aligned until 
after the second month of life (14, 15). 
Thus, the same neural output from the 
colliculus may produce large, coordi- 
nated movements between the two eyes 
in adults when the eyeballs and extra- 
ocular muscles are mature and smaller 
movements, which seem less coordi- 
nated, in the neonate. In addition, 
younger kittens will detoxify anesthetics 
more slowly than adults and some of 
these discrepancies might reflect the ef- 
fects of the anesthetic (16). Con- 
sequently, the neural substrate for eye 
movements in the neonatal superior col- 
liculus might be even more highly devel- 
oped than could be demonstrated in 
these experiments. 

The observation that eye movements 
can be elicited from the superior collicu- 
lus before cells in the colliculus can be 
activated by visual stimuli is consistent 
with the hypothesis advanced earlier: the 
development of eye-movement control 
systems precedes maturation of visual 
responses even in an area of the brain 
concerned with visuomotor integration. 
Since the motor responses seem to be 
necessary to "make sense" of the visual 
input (1), this developmental sequence 
seems appropriate. It is intriguing to con- 
sider what produces eye movements in 
these young animals in order to initiate 
the process of associating visual stimuli 
with motor responses, an association 
critical for normal visuomotor in- 
tegration. This process may occur as the 
result of spontaneously generated eye 
movements or of eye movements initi- 
ated by vestibular stimulation (17). An- 
other possibility is that tactile or audi- 
tory stimuli initiate eye movements via 
the superior colliculus. The different sen- 
sory modalities represented in the collic- 
ulus [visual, auditory, somatic, vestibu- 
lar (18)] have been hypothesized to have 
access to the same motor outputs (19) 
that orient receptor organs (11, 12). 
Thus, stimuli from any of these sensory 
modalities may evoke organized eye, 
ear, or head movements. Since cells in 
the intermediate and deeper layers of the 
superior colliculus are responsive to tac- 
tile stimuli at birth and auditory stimuli 
at 5 days of age, these stimuli might initi- 
ate the eye movements, which, in turn, 
set the stage for later visual-motor asso- 
ciations. 
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However, detection is only one aspect of 
the normal perception of weak sensory 
signals; the other is recognition or identi- 
fication. A driver at night will not only 
notice a weak visual signal but will at- 
tempt to identify it as a relevant environ- 
mental stimulus, such as a tree, a child, 
or another automobile. Similarly, the ra- 
diologist and the sonar operator must al- 
so recognize as well as detect their tar- 
gets. The relationship between detection 
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and recognition, however, and the brain 
events mediating this relationship are not 
well understood. Two important ques- 
tions are whether detection and recogni- 
tion are independent processes and 
whether recognition can be predicted 
from detection or from the brain events 
subserving these aspects of perception. 
A related point of interest is whether de- 
tection and recognition are sequential or 
concurrent temporal processes. 

We approached this problem by ex- 
amining the event-related potentials 
(ERP's) of the brain, which provide a 
unique method for assessing dynamic 
properties of human cerebral function 
during cognitive processing. In pure sig- 
nal detection, the amplitudes of both an 
early negative component, N100, and a 
late positive component of the ERP, 
P300, increase monotonically with in- 
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Brain Events Underlying Detection and 

Recognition of Weak Sensory Signals 

Abstract. Through the use of a quantitative extension of signal detection theory, 
the brain events associated with the detection and recognition of weak acoustic sig- 
nals were examined by recording brain event-related potentials. The early NIOO 
component of the event-related potential varied only with detection, whereas the 
late P300 component varied with both detection and recognition. P300 amplitude 
accurately predicted recognition performance on a trial-by-trial basis. The results 

suggest that detection and recognition are partially concurrent processes in per- 
ception and demonstrate that the electrocortical events occurring during the per- 
ception of sensory stimuli are closely associated with both detection and recognition 
of these stimuli by the nervous system. 
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creases in the a posteriori likelihood ra- 
tio that a signal was presented (2). We 
now report what are, to our knowledge, 
the first studies of the brain events un- 
derlying detection and recognition of 
weak sensory signals. We used a recent 
extension of SDT that provides a quan- 
titative theoretical means for inter- 
relating the qualitatively disparate pro- 
cesses of detection and recognition (3). 
In two experiments of ERP's elicited by 
weak acoustic signals in noise, we show 
that whereas the N100 component varies 
only with detection, the P300 component 
varies with both detection and recogni- 
tion; this result permits accurate predic- 
tion of recognition performance on a tri- 
al-by-trial basis and indicates that de- 
tection and recognition are partially con- 
current processes in perception. 

Ten paid subjects with normal hearing 
participated, six in experiment 1 and four 
in experiment 2. Subjects sat at a com- 
puter display and listened through bi- 
naural headphones (Superex) to pure 
tones presented against continuous 
wide-band noise (60 dB sound pressure 
level). Each trial began with a 100-msec 
exposure of the word "Ready" followed 
500 msec later, on half the trials, by a 50- 
msec tone drawn equiprobably from a 
set of two (experiment 1) or four (experi- 
ment 2) targets. On the remaining trials 
noise alone was presented. At 1500 
msec, a response cue directed subjects 
to use a four-category confidence rating 
scale (1, yes-sure; 2, yes-unsure; 3, no- 
unsure; and 4, no-sure) to indicate 
whether they had detected a target and 
to depress one of two or four recognition 
response keys to indicate target type. A 
recognition response was always re- 
quired. Intertrial interval varied ran- 
domly from 2 to 6 seconds. The targets 
were 900- and 1400-Hz tones in experi- 
ment 1 and 600-, 1100-, 1700-, and 2200- 
Hz tones in experiment 2 (4, 5). Each 
subject served in three to five 2-hour ses- 
sions. About 3 hours of practice preced- 
ed data collection. Each subject received 
between 1200 and 1300 trials. 

The electroencephalogram (EEG) was 
recorded from Fz, C3, Cz, C4, and Pz 
(6), referred to linked earlobes, in experi- 
ment 1 and Fz, Cz, and Pz in experiment 
2. The electrooculogram (EOG) was re- 
corded from infra- and supraorbital elec- 
trodes placed about the left eye. The 
EEG and EOG were amplified (Grass 
model 8, 0.1 to 35 Hz) and digitized at 12 
bits (PDP-11/34). A 1600-msec epoch be- 
ginning 100 msec before the warning 
stimulus and ending at the response cue 
was sampled at 80 Hz and stored on mag- 
netic tape. A root-mean-square voltage 
criterion and a moving-window al- 
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gorithm designed to detect sharp tran- 
sients searched for ocular and muscle ar- 
tifacts. Artifact-contaminated trials (5 to 
15 percent) were replaced to give a mini- 
mum of 1000 artifact-free trials, which 
were analyzed in two stages. (i) Conven- 
tional ensemble averages were computed 
for target trials. (ERP's for noise trials 
are not reported here.) (ii) Single-trial 
ERP's were extracted to validate the en- 
semble averages and to obtain single-tri- 
al ERP measures (7). 

Figure 1 shows the vertex ERP's for 

correctly and incorrectly recognized tar- 
gets at each confidence rating. The P300 
component was larger (peak amplitude 
relative to a 100-msec prestimulus base- 
line) for correct recognitions than for in- 
correct recognitions for ratings 1, 2, and 
3 only [simple effects, experiment 1: F(1, 
5) > 19.1, P < .05; experiment 2: F(1, 
3) > 34.1, P< .01]. The amplitude of 
P300 decreased [experiment 1: F(3, 
5) = 59.4, P < .001; experiment 2: F(3, 
3) = 39.8, P < .01] and its latency in- 
creased [experiment 1: F(3, 5) = 29.8, 
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Fig. 1. Event-related potentials (ERP' s) averaged separately for correctly and incorrectly recog- 
nized targets at each of the four ratings of detection confidence (1, yes-sure; 2, yes-unsure; 3, 
no-unsure; and 4, no-sure). The ERP's were recorded from Cz and are shown for each of the ten 
subjects in experiments 1 and 2; ERP's averaged across subjects are also shown. 

81 

Grand averages 
2 

Recognized 

.............. Not recognized 

,5?-?*' ??r -?1. 
'?? '??-?" 

?"' 

.""' 



P < .01; experiment 2: F(3, 3) = 18.2, 
P < .025] across ratings i to 4. 

In contrast, only detection affected the 
early negative component N100; its am- 
plitude decreased [experiment 1: F(3, 
5) = 14.3, P < .01; experiment 2: F(3, 
3) = 5.8, P < .10] and latency increased 
[experiment 1: F(3, 5) = 23.8, P < .01; 
experiment 2: F(3, 3) = 20.1, P < .025] 
across ratings 1 to 4. Thus, while detec- 
tion was related to the amplitude and la- 
tency of both N100 and P300, recogni- 
tion was related only to P300 amplitude. 

An amplitude difference in an aver- 
aged ERP component can result from 
changes in its latency variability across 
trials. However, although both the mean 
latency [F(3, 9) = 18.6, P < .01, for 
both experiments] and the latency varia- 
bility of P300 across single trials [F(3, 
9) = 61.7, P < .001] increased across 
ratings 1 to 4, there were no differences 
in these measures between recognized 
and unrecognized targets. It was con- 
firmed that the amplitude of P300 on 
single trials was greater for recognized 
than for unrecognized targets for ratings 
1, 2, and 3 [simple effects, F(1, 
9) > 45.3, P < .001] but not for rating 4 
(8). 

The ERP's in Fig. 1 were averaged 
without respect to target type. Figure 2 
shows the grand average ERP's for each 
cell of the "confusion matrix" between 
target type and recognition response. 
Because of the small number of re- 

900 Hz 

Table 1. Mean probabilities (based on 600 to 
650 target trials per subject) of detection (D), 
recognition (R), and detection plus recogni- 
tion (D + R) for each confidence rating. The 
chance level of correct recognition was .50 inr 
experiment 1 (two targets) and .25 in experi- 
ment 2 (four targets). 

Rat- Experiment 1 
ing D R D+R 

Experiment 2 

D R D+R 

1 .41 .87 .35 .46 .81 .37 
2 .22 .74 .16 .19 .56 .11 
3 .15 .62 .10 .13 .52 .07 
4 .22 .42 .12 .22 .35 .08 

All 1.00 .73 .73 1.00 .63 .63 

sponses in some cells, ERP's were aver- 
aged to targets given either a confident or 
doubtful positive response (ratings 1 or 
2). The ERP's show a striking similarity 
of waveshape and amplitude for cells 
along the diagonal (correct recognitions) 
with decreasing amplitude for off-diago- 
nal cells (incorrect recognitions). There 
was a significant interaction between tar- 
get type and recognition response for 
P300 amplitude [experiment 1: F(1, 
5) = 36.3, P < .005; experiment 2: F(9, 
27) = 30.9, P < .001], indicating that 
P300 amplitude was dependent on the 
relative distance between presented and 
perceived targets in the confusion matrix 
(9). Targets likely to be confused with 
each other showed a lower P300 ampli- 
tude difference than targets less likely to 
be confused with each other. 
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Fig. 2. Grand average ERP's (averaged over the six subjects in experiment 1 and over the four 
subjects in experiment 2) for each cell of the confusion matrix between target type and recogni- 
tion response (four cells for the two targets in experiment 1, 16 cells for the four targets in 
experiment 2). 
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Table 1 shows the mean response 
probabilities for each confidence rating. 
Infrequency of response outcome, which 
is associated with increased P300 ampli- 
tude (10), cannot account for the finding 
that P300 was larger for correct recogni- 
tions than for incorrect recognitions, 
since, at a particular confidence rating, a 
correct recognition outcome was more 
probable than an incorrect recognition 
for ratings 1 through 3. The probability 
of correct recognition was above the lev- 
el of chance for target-absent rating 3 
[for nine of ten subjects; X2(1) = 4.9 
(corrected for small sample), P < .05], 
and at chance level for target-absent rat- 
ing 4 (Table 1). This suggests that recog- 
nition is only partially contingent on de- 
tection, and is consistent with the finding 
that P300 was larger for recognized tar- 
gets than for unrecognized targets for 
rating 3 but not for rating 4. Thus, P300 
amplitude indexed whether a target 
would be recognized reliably even if the 
target was not detected reliably. 

Finally, two methods for predicting 
recognition were assessed. The first used 
a recent theorem by Starr et al. (11) to 
predict recognition probabilities from de- 
tection performance. The theorem as- 
sumes that targets are orthogonal and 
equally detectable. The predicted and 
obtained recognition probabilities at 
each rating were monotonically related, 
but the theorem overestimated observer 
performance by, on average, 5, 8, 10, 
and 15 percent for ratings 1 to 4, respec- 
tively. The second method utilized the 
amplitude of P300 (at Cz) on single trials 
to predict recognition on individual tri- 
als. A binary classification algorithm that 
maximized the correct classification of 
targets as correctly or incorrectly recog- 
nized on the basis of P300 amplitude 
gave mean classification percentages of, 
for ratings 1 to 4, 90, 77, 68, and 54 per- 
cent (recognized targets), and 87, 77, 64, 
and 55 percent (unrecognized targets). 

Several aspects of these data deserve 
emphasis. (i) The quantitative SDT mod- 
el provides a basis for investigating more 
complex aspects of perception when its 
domain is appropriately expanded and a 
single theoretical framework for analyz- 
ing two qualitatively different aspects of 
perception, detection and recognition. 
(ii) Inspection of the ERP confusion ma- 
trix shows that P300 amplitude varies as 
a decreasing function of the physical 
similarity between presented and per- 
ceived stimuli. It may be possible to use 
correspondences between physical, per- 
ceptual, and neurophysiological dimen- 
sions to develop ERP measures of classi- 
ficatory dimensional scaling for complex 
auditory stimuli. (iii) The brain events 
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associated with recognition are faithful 
accompaniments of perceptual process- 
ing; they are sufficiently robust to permit 
accurate electrophysiological prediction 
of recognition performance on individual 
trials. 

Finally, these results have implica- 
tions for neurophysiological theories of 
perceptual processing and for the inter- 
pretation of brain ERP components. The 
finding that the early N100 component of 
the ERP varies only with detection, 
whereas the late P300 component varies 
with both detection and recognition, par- 
allels the differential involvement of 
these components with stimulus selec- 
tion and target detection in selective in- 
formation processing (12). The process 
of detecting a stimulus may thus begin 
before the process of recognition or iden- 
tification, but at later stages detection 
and recognition seem to be concurrent 
processes. This view is in accord with re- 
cent theoretical elaborations of the SDT 
model (13) and with the hypothesis that 
detection and recognition proceed to- 
gether as the nervous system develops 
probabilistic information of the sensory 
signal, which forms the basis for per- 
ceptual decisions of either type (13, 14). 
The finding that P300 amplitude indexes 
whether a stimulus will be recognized 
reliably suggests that P300 may reflect 
the quality of this information relative to 
some internal criterion. One inter- 
pretation of this finding is that the pro- 
cesses manifested in the P300 com- 
ponent directly influence stimulus recog- 
nition. An alternative interpretation is 
that this brain ERP component is a sign 
(15) of the interaction between more fun- 
damental neurophysiological events and 
behavioral events. The direction of caus- 
ality between brain events and behavior- 
al events cannot be determined from 
these data, and is not presumed. None- 
theless, these results provide what we 
believe to be the first demonstration that 
the central electrophysiological events 
occurring during the perception of sen- 
sory stimuli are closely associated with 
the recognition of these stimuli by the 
nervous system. 

RAJA PARASURAMAN 
JACKSON BEATTY 

Department of Psychology and 
Brain Research Institute, University of 
California, Los Angeles 90024 
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after stimulation of the vestibular nerve. 

Injury to the organ of Corti by amino- 
glycosidic antibiotics is a well-docu- 
mented phenomenon (1). It results in a 
loss of sensitivity of the cochlea to 
acoustic stimulation beginning with the 
high frequencies; the functional loss in- 
creases as the destruction proceeds from 
the basal end toward the apex and is pro- 
portional to the amount of anatomical 
damage. Recently we reported examples 
of complete destruction of the organ of 
Corti in guinea pigs treated with massive 
doses of the antibiotic amikacin (2). In 
these animals, in which all sensory cells 
had disappeared except for a very few 
outer hair cells at the extreme apex, 
well-defined, short-latency responses to 
clicks could still be recorded. Such ob- 
servations were later repeated in another 
group of animals, and a more detailed 
analysis of the characteristics of the re- 
sponses strongly suggested that they 
were neural (3). On the basis of these 
data, the site of the acoustico-neural 
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transduction remains unclear. The hy- 
pothesis of the stimulation of some nerve 
fibers still remaining within the cochlea 
is not easily tenable, whereas the impli- 
cation of the vestibular system, whose 
structure and function were preserved, 
seems more likely. In particular, the pos- 
sibility of electrical synapses (4, 5) in the 
vestibular neuroepithelia would explain 
the very short latency and the lack of ad- 
aptation of the responses. 

This report is concerned with the 
structures of the central nervous system 
excited by this peripheral acoustico-neu- 
ral transduction in the absence of the or- 
gan of Corti. It describes the results of 
far-field recordings of acoustically 
evoked brainstem potentials together 
with responses obtained with differential 
recordings from the auditory cortex in 
animals for which the peculiar round- 
window responses and the total cochlear 
hair cell destructions were also confirmed. 

Adult tricolor guinea pigs were used in 
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