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sidered. It is known that response variabili-
ty incorporates both an instantaneous and
a long-term component6,7. In sound local-
ization, it is mainly the instantaneous vari-
ability that is relevant. 

This might account for part of the large
discrepancy between the present results
and those of Fitzpatrick et al.4. That study
combined neurons recorded at different
times and from 31 different animals with-
out differentiating long-term from instan-
taneous variability. This would result in an
underestimate of the neurons’ capabilities.
Also, unlike the present analysis, they did
not specifically exploit the steepest slopes
of the response against ITD plots (Fig. 1a).

The present results should not be taken
to mean that only one neuron is involved in
sound localization. The responses of neu-
rons are ambiguous. To remove this ambi-
guity, the combining of outputs from
several neurons might be required. What
my results do demonstrate is that it might
not be necessary to pool the outputs from
many neurons to account for the high
accuracy with which human observers can
localize sounds.
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Sound localization
and neurons

Our ability to locate the direction of a
sound’s source depends largely on differ-
ences in the time that it takes for the sound
to arrive at each ear. These interaural time
delays (ITDs) can be extremely small
(about 10 microseconds; ref. 1), so this
ability is widely assumed to reflect the
combined activity of many neurons2,3.
Fitzpatrick et al.4 estimated the pooling of
40 thalamic neurons to give a resolution of
16 microseconds. Our results, generated by
a more conventional method, suggest that
human thresholds might be determined by
substantially fewer cells.

The ability of a neuron to discriminate
between two stimuli is determined by the
size of the difference in response relative to
the response variability. The receiver oper-
ating characteristic5 analysis makes it possi-
ble to estimate this ability using the same
metric as is used to quantify human
psychophysical performance. This ap-
proach has previously been used to
estimate the detection and discrimination
of visual neurons6,7.

We have applied receiver operating
characteristic analysis to previously pub-
lished results8 by assuming that response
variability can be described by a Poisson
distribution: (mx/X!)e1m, where m denotes
the mean. The percentage of correct
responses increases with ITD (Fig. 1b,c).

In psychophysical experiments, it is con-
ventional to define discrimination thresh-
old as the stimulus magnitude at which the
psychometric function crosses the 75% cor-
rect level. For the six neurons in the present
study, the ITD at which this occurred
ranged from 9.9 ms up to 26.8 ms (Fig. 1).
The lowest of these values is comparable to
the thresholds of human observers of about
10 microseconds (ref. 1).

Although these results are based on only
six cells, it seems highly likely that there
exist neurons with even lower thresholds. If
one were to assume that an observer’s dis-
crimination threshold reflects the perfor-
mance of the neuron with the lowest
threshold, then one should have to com-
pare the behavioural thresholds to that
neuron.  The psychophysical thresholds
might therefore have been expected to be
even lower than 10 microseconds.

These results indicate that single audit-
ory neurons are able to distinguish ITDs as
small as the human discrimination thresh-
olds. But they are based on the assumption
of a Poisson distribution. There are good
reasons for expecting this kind of distribu-
tion for response variability9,10, especially
when only instantaneous variability is con-

FFiigguurree  11 Analysis of interaural time
delays (ITDs). a, Response against ITD
plot of one inferior colliculus (IC) neuron
(redrawn from Fig. 7 of ref. 8, neuron
no. X07Y1). The very steep slope at
zero ITD makes the neuron translate a
small difference in ITD into a large dif-
ference in response. b,c, Percentage
correct as a function of ITD for the three
IC neurons (b) and three thalamic neu-
rons (c). Horizontal broken lines, 75%
correct level; vertical broken lines, ITD
at which the functions cross the 75%
correct level. The cell numbers of ref. 8
have been maintained to identify the
neurons. The ITD corresponding to
each neuron’s 75% correct level is
listed. One IC neuron (neuron no.
XO7Y1) has a discrimination threshold
comparable to that of human
observers.
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