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Abstract, Two measures from information theory,
transmitted information and channel capacity, can
quantify the ability of neurons to convey stimulus-de-
pendent information. These measures are calculated
using probability functions estimated from stimulus-re-
sponse data. However, these estimates are biased by
response quantization, noise, and small sample sizes.
Improved estimators are developed in this paper that
depend on both an estimate of the sample-size bias and
the noise in the data,

Introduction

Brain functions depend upon mechanisms that encode,
process and transmit information. Despite decades of
study, many basic neuronal mechanisms, such as the
intrinsic neuronal code used by the brain to transmit
information, remain unknown. Thus, in quantifying a

neuron’s response some arbitrary measure of its activity.

must be chosen. It is generally accepted that the timing
of neuronal action potentials carries information. How-
ever, how the signal is encoded by that timing is not
known. One approach to solving this coding mystery is
to assume different codes, and then to compare the
amount of stimulus-dependent information conveyed
by each code.

Information theory can be helpful in quantifying
this comparison (Eckhorn and Pdpel 1974; Eckhorn et
al. 1976; Fuller and Looft 1984; Optican and Richmond
1987). However, accurate estimation of transmitted in-
formation from experimental data faces three obstacles.
First, the data must be quantized, because the discrete
form of information theory is most easily applied to
biological problems. Second, biological systems often
have highly variable or noisy responses. Third, experi-
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mental considerations often limit the number of replica-
tions per condition, resulting in small sample sizes.
In this paper we present a method for removing the
biases from information measures caused by these
three problems.

Information is usunally calculated by converting ex-
perimental data into discrete inputfoutput histograms
called contingency tables. However, information calcu-
lated from contingency tables is known to be biased
upward. This bias is additive, and if known it may be
subtracted off to improve the estimation of information
{Carlton 1969; Fagen 1978). There is an exact equation
for this bias, but its application requires complete
knowledge of all the stimulus-response probabilities
{Carlion 1969). Unfortunately, these probabilities are
usually not known. Severai approximations have been
developed, but these either overstate the bias for small
sample sizes (Miller 1955; Carlton 1969; Macrae 1971),
or require assumptions about the distribution of proba-
bilities underlying the process (Macrae 1971).

Fagan (1978) corrected the sample-size bias in one-
dimensional tables by two methods. In one method, an
estimate of the sample bias was obtained with the
jack-knife statistical technique. In the second method,
that estimate was obtained from first-order approxima-
tion formulae. Fagen’s methods do not deal with the
quantization probiem nor do the closed-form approxi-
mations sccm applicable to neurophysiological data,
where the underlying distributions are usually not
known.

To avoid the quantization artifact, Sakitt proposed
a method of forming contingency tables by quantizing
responses according to their rank order, rather than
their value (Sakitt }1980; Sakitt et al. 1983). However,
this technique can not be applied to multidimensional
data (Optican and Richmond 1987), and it biases the .
information upward at either end of the data range
{Crowe et al. 1988).

Optican and Richmond (1987) used a non-paramet-
ric kernel estimation method to minimize the quantiza-
tion bias in the contingency tables, but did not correct.
for sample-size bias. :






