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Abstract

Psychophysics experiments on the human visual system have established that the sensitivity
for the detection of "ne detail in noise contaminated images can be quantitatively and
repeatably measured using stochastic resonance as a tool. Optimal noise results in maximal
sensitivity. Does this mean simply that the retina is averaging out the noise, or instead is the
visual cortex involved in some level of computation? We report results of functional magnetic
resonance imaging experiments which indicate the latter. ( 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The e!ects of noise on or within the brain have long been a fascinating topic [1].
Stochastic resonance (SR) has shown in several experiments that noise added to
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a weak signal can enhance the evoked responses in the peripheral nervous system
[3,7,2,14]. In these experiments some measure of the information content (e.g.,
signal-to-noise ratio) of the neural spike trains were computed o! line by standard
algorithm, thus opening the question of whether the nervous system could implement
similar processing to extract information from noise. This question suggests experi-
ment with human subjects. We have chosen to experiment with the visual system,
showing images processed with a SR "lter to human subjects. In all previous animal
experiments showing SR, the noise enhanced information was measured on an
a!erent neuron. The discharges were digitized and analyzed for their information
content by computer. This raises a fundamental question: Does the animal actually
perceive and make use of the enhanced information? Such a question can only be
answered for animals with behavioral experiments. In contrast, the question can be
addressed using psychophysical experiments with human subjects. We thus substitute,
in place of the computer, the human visual system [11].

A previous neural network model, which assumed a bistable energy landscape
contaminated with noise, "rst demonstrated SR in the interpretation of ambiguous
"gures [9]. A recent experiment with the human tactile system has demonstrated SR
using electrical, transcutaneous noise [10]. During our experiment we showed to
healthy volunteers animations derived from the simplest paradigm of stochastic
resonance: the threshold "lter. Following this paradigm we added Gaussian noise to
gray scale images and then we "ltered with a threshold, thus having only black or
white pixels on the screen.

This general paradigm was followed in both psychophysical and functional mag-
netic resonance imaging (fMRI) experiments described below. After a description of
these experiments and the presentation of some example results, we conclude with
a short summary.

2. Psychophysical experiments

The contrast sensitivity of humans observing noisy visual animations can be
measured as a function, for example, of the standard deviation of the noise. Prior
experiments have focused on noise as a limiting factor in a population of young and
old observers [12]; contrast discrimination [8,6]; and in recognition e$ciency in
luminance noise [13]. In our psychophysical experiments we have observed that, as
expected in a stochastic resonance experiment, an optimal noise level exists for which
the subject can perceive more details (or, more speci"cally, the contrast sensitivity
threshold is lowest).

The images shown to the subjects were mediated with dynamical noise, that is, the
noise in every pixel added to the image gray scale was a determined function of time.
Dynamical images can only be shown as animations. An example can be viewed at the
URL http://neurodyn.umsl.edu/sr.

Subjects were shown a pattern of vertical bars scaled for di!ering contrasts.
Their sensitivity thresholds were measured as a function of noise intensity. Details
have been presented previously [11]. We were able to "t the experimental results to a
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Fig. 1. Subjects performance over noisy images. The quantity K measures the sensitivity of the subject to
noisy stimulation.

mathematical function obtained from SR theory, using a single adjustable parameter.
This parameter represents a quantitative measurement of the performance of the
subject, that is, his or her sensitivity for detection and interpretation of a "ne detail in
the noise contaminated scene.

The results are depicted in Fig. 1. They show a good degree of reproducibility, with
small #uctuations of the sensitivity parameter (10% over a few days or weeks; 20%
after one year) for di!erent trials of the same subject. Di!erent subjects, however,
displayed considerably di!erent sensitivities, up to a factor of two.

In addition, we have made similar studies with noise of variable correlation time. In
these we have found that the sensitivity is rapidly enhanced as the correlation time
drops below about 40 ms in good agreement with, for example, the results of #icker-
fusion experiments [5]. Dynamical noise results in better perceived image quality than
static noise. The observed enhancements could be due to a simple averaging process
like the fusion of frames in a movie. Or, in addition, the extraction of image features
from the noise could be the result of some computational process occurring beyond
the early vision level. The motivation for the fMRI experiments described next is to
address this question.

3. fMRI experiments

In order to study the aforementioned question, we are currently running functional
MRI studies to locate the areas of the visual cortex which are active under the task of
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processing noisy images. These were vertical gratings of 4 cycles/degree of visual "eld,
contaminated by dynamical noise of varying intensity and threshold "ltered as
described above. During each experiment we conduct four scanning sessions, three for
three di!erent noise intensities and one control for the noiseless case. We used a block
mode design for the stimulus presentations. During eachblock the subject was alterna-
tively presented with the vertical bars or a control pattern (solid gray, same average
luminosity as the vertical bars) for periods of 21 s. Echoplanar Image (EPI) scans are
acquired on the 1.5 T Siemens Magnetom Vision scanner of the St. Martino Hospital,
in Genova, Italy. We obtained 40 EPI scans per session, TE"66 ms, TR"0.96 s,
each scan covers 18 near axial planes of 6 mm thickness. O!-line data analysis was
performed using SPM [4].

Typical data for a single subject, are shown in Fig. 2, where the four panels span the
range from no noise to high noise. We are scanning 18 planes, but the functional
activity is con"ned to 12 planes; three of them shown in each of the panels. The
functionally active areas are shown in color over an high-resolution anatomical scan
in gray scale. The optimal noise level was chosen from the previously described
psychophysical experiments. We note "rst that there is a systematic di!erence between
the noiseless and noise added cases. Moreover, for four out of "ve subjects tested, the
active volume (color) is a maximum for the optimal noise level. This is shown in
Fig. 3 where we have plotted the active volume versus the noise intensity for the "ve
subjects. For four subjects these graphs show a clear maximum at the optimal noise

Fig. 3. Total active volume for the "ve subjects in the fMRI study. All but one subject (Subject 1) show
a maximum active volume for the optimal noise level. Incomplete data are available for Subject 3.
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intensity. It is tempting to interpret this result as indicating that the visual cortex is
indeed involved in some type of computation when the subject is attempting to extract
information from a noisy image.

4. Summary

To conclude, we have obtained psychophysical data that measure a subject's ability
to extract "ne detail from a noise contaminated image. This data shows that enhanced
ability occurs for an optimal noise intensity, and that this ability varies considerably
from subject-to-subject. Our fMRI results indicate that the volume of activity passes
through a maximum at the optimal noise intensity. New studies which hopefully will
further illuminate this question are currently in progress.
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