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Stochastic resonance of the visually evoked potential
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Stochastic resonance refers to the enhancement of a signal by the addition of a small amount of noise and its
degradation by a larger amount of noise. It occurs in a variety of physical systems including neuronal systems.
However, its demonstration in neuronal systems has so far been limited to single-dimensional systems such as
a single mechanoreceptor. We report here the existence of stochastic resonance in the visually evoked poten-
tial, a very high-dimensional neuronal systdi81063-651X99)51203-9

PACS numbds): 05.20-y, 87.10+e

The term stochastic resonan¢8R) was introduced by the lateral geniculate nucleus. In cat and primslfiecontains
Benziet al. [1,2]. It refers to the enhancement of signal-to- two major cell types, simple and complex. Multiple simple
noise ratio(SNR) by the addition of low intensity noise and cells feed forward to a complex cell but only after a thresh-
the subsequent degradation of SNR by the addition of moreld nonlinearity. That is the simple cells must first generate
noise. A thorough review of SR has recently appedfdd all or none nerve impulses to transmit to complex cells.
Early studies suggest that the term SR is appropriate whenSimple cells are linear up to the generation of nerve impulses
nondetectable signal is made detectable by noise, but hefg]. A simple cell can thus be characterized by a linear spa-
we use the current and broader definition that includes entiotemporal receptive field10]. There are several types of
hancement of an already detectable signal. SR has been okimple cells. Each simple cell has a partner with a spatiotem-
served in several nonlinear systems forced by a weak perporal receptive field that is shifted 180° in the temporal
odic function including Schmitt Trigger circuits, ring lasers, phase as well as another partner whose spatiotemporal field
electron paramagnetic systems as well as in several neuroniglin spatial quadrature. As a result, a contrast reversal grat-
systems: crayfish mechanoreceptpt], human muscle ing stimulus produces synaptic currents that, in a population
spindle[5] and rat cutaneous mechanorecepdrall single-  of simple cells, cancel, while the complex cell that is fed by
dimensional neuronal systems. Although SR is possible inhe population of simple cells responds with a modulated
multidimensional systems, a clear demonstration of its exissynaptic current at twice the frequency of the stimulus. A
tence in a large scale neuronal system is wanting. And sincerifting grating, on the other hand produces only a steady
natural neuronal systems incorporate internal sources qtic) synaptic current in the complex cell. The steady-state
noise it is possible that such systems are already optimizedEP to contrast reversing and drifting gratings has properties
for SNR. Here we report the existence of SR in the visuallysimilar to those of a complex cell.
evoked potentia(VEP) in humans, a mass response reflect- We measured the VEP produced by stimuli consisting of
ing a very large number of cortical cells. a square wave spatial grating plus two-dimensional spatial-

VEP’s are due to the leakage of synaptic current throughemporal noise. The grating was black and white, its spatial
the skull. Large cells oriented orthogonal to the cortical surfrequency was 4 cycles per degr@ycles/deg and its con-
face, pyramidal cells, appear to be the souimed sink of  trast was 20%. It was counter phase moduldteuhtrast re-
the curren{7]. The current causes a weak potential field onversa) at 4 Hz(8 reversals of contrast per secorithe noise
the scalp(microvolt rangé. A VEP with a peak-to-peak am- was binary, consisting of black and white elements each sub-
plitude of 4 mV requires 10 to 20 chof cortical surface area tending 3.5 min of arc. It was updated at 60 Hz. The spatial
to supply sufficient current; this corresponds to approxi-frequency spectrum of the noise was flat to 20.4 cycles/deg
mately 1¢ cortical neurons[8]. Counter phase temporal (3 db poin}. The temporal frequency spectrum of the noise
modulation of the contrast of a spatial gratifmpntrast re- was flat to 29 Hz(3 db poin}. Noise contrast was varied
versa) results in a “steady-state” VEP. This VEP is nonlin- from 0 to 50% in steps of 10%0,10,20,30,40, and 50
ear. It shows harmonic distortion, consisting of multiple evenThe space average luminance of the stimulus remained con-
harmonics of the stimulus frequency, and an amplitude verstant at all times. The noise and the grating shared the same
sus contrast function that saturates at 30 to 60% contrast. Thédeo screen which was refreshed at 120 Hz, alternating
VEP originates in the visual area of the cortex called visuahoise and grating at a frequency well above both human
area 1(V1). This area located in the occipital region at the perception and the VEP frequency response.
back of the head receives the entire subcortical input from Thirteen subjects, medical and graduate students, viewed

the stimuli binocularly fron 1 m in adimly lit room, from
which distance the screen was subtended 17.8°. Stimuli were
* Author to whom correspondence should be addressed. Preseptesented in epochs of 15 s. Noise was presented continu-
address: Dept. of Ophthalmology, University of Texas, Southwestously at the same contrast throughout the epoch. The grating
ern Medical Center, Dallas, TX 75235-8592. FAX: 214-630-8841.was presented for 5 @0 cycle$, commencing at the fifth
Electronic address: dick@striate.swmed.edu second of the epoch. An experimental run consisted of 18
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such epochs and lasted 4.5 min. Noise contrast was randomisequency of interest. Evoked power occurred only at even
selected for each epoch; each experimental run containdthrmonics of the stimulus frequency. The power spectra and
three epochs at each noise contrast. Each subject sat for fiveise estimates were calculated separately for each electrode.
experimental runs in a single recording session. The subjectphe electrode with the best signal-to-noise ratio was taken
were instructed to fixate on a small green dot at the center Gbr analysis.

the screen that remained constant and were allowed to rest Figyre 1 shows VEP power spectra for one subject at the

for as long as they wished between runs. _electrode on the scalp overlyingl, which was the electrode
Sixteen gold-cup electrodes were placed on the posterigfit the best overall SNR. This location usually produced
half of the scalp at approximately 5 cm intervals to cover thgp,o largest VEP. Measurable VEP power was present only at
scalp from inion to vertex and from mastoid to mastoid with even harmonics of the stimulus up to at least the sixth har-
a regular tessellation. The electrode at the vertex served onic but most of the VEP power was measured with in the
the reference electrode. The right ear was used as grounﬁ,st two even harmonicgh? andhd, 8 and 16 Hz, respec-

The experiments were carried out according to an IRB ap:. . .
proved protocol. tively). VEP power was progressively enhanced by noise up

The electroencephalografEEG) recorded at each elec- toa noise_ contrast of 30% agd th_en degraded as noise con-
trode was analog filterel to 100 Hz, 1 pole Butterworih f[rast was mcrt_eased above 30%. Figure 2 shows the_same data
digitized at 200 Hz and stored on disc along with a IogicIn more d_eta|l. The power of the.second _harmomc of the
voltage level indicating the grating phase and with identify-VEP was increased 4.2 fold by noise, peaking at 30% noise
ing information for each epoch. The EEGs were digitally contrast. The estimated EEG noise was nearly flat across all
filtered (1.5 to 56 Hz, 8 pole Butterworth, zero phase shift Nnoise contrasts and the SNR was accordingly increased by
The 5 s portion corresponding to the grating presentation waRoise. The power of the fourth VEP harmonic was also in-
extracted and the first 4 cyclé§ s of grating stimulation creased 1.3 fold by noise, peaking at 20% noise contrast.
were removed because this segment contained a transiefgain, EEG noise did not change with noise contrast. The
VEP caused by the onset of the gratifmpt artifack. These average VEP, Fig. 3, consisted of two nearly identical waves
data were used to estimate the average VEP and the powpresumably corresponding to each contrast reversal of the
spectrum of the VEP. The average VEP was calculated fostimulus. The amplitude of the average VEP was progres-
each cycle of stimulus presentation; 16 cycles were averagesively enhanced by noise by a factor of approximately 1.6 up
within each data segment and 240 cyc{@6x3x5) were to noise contrast 30% and diminished as noise contrast was
averaged for each subject and noise contrast across all fifarther increased.
experimental runs. The average VEP was calculated sepa- Figure 4 shows data similar to that shown in Fig. 2 but for
rately at each electrode. The power spectrum of each datl 13 subjects as an average taken across all subjects. Not all
segment was calculated and averaged for each noise contrasibjects showed results as striking as those presented in Figs.
across epochs and runs. Because a data segment corfie-3, but all showed some degree of enhancement of VEP
sponded exactly to an integer number of stimulus cyclepower near 30% noise contrast. OverhR, power increased
(16), a rectangular window was used and each “bin” repre-by a factor 2.1 whileh4 power increased by a factor of 1.2
sented an independent estimate of power. The spectral resand the estimated EEG noise remained constant as noise con-
lution was 0.25 Hz. EEG noise was estimated by averagingrast increased. The average VE®t shown but similar to
the power over 8 bing2 Hz) above and 8 bins below a Fig. 3) was also progressively enhanced by noise peaking in
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amplitude at a noise contrast of 30%. The increase in VERxamined the noise only segments of the records as well as
amplitude was nearly twofold. the signal plus noise segments and still found no change in
The hallmark of SR, from which it derives its name is a EEG noise with visual noise. We also examined a broader
peaked relationship between SNR and noise. Both the averange of the spectrum for evidence that the visual noise
age VEP as well as the power of the first two even harmonicsaused brain activity that was somehow shifted in frequency
exhibit this signature. It was previously reported that someo higher or lower frequencies, but with the same negative
perceptual processes, such as the detection of light touchesult. The most likely explanation for this failure to find a
exhibit SR[11], but we do not know how many cortical change in EEG noise with applied visual noise, is that the
neurons subserve the detection of a weak sensory signal neAEG noise derives from a very large region of the cortex, not
threshold. The demonstration here that SR occurs in the VERist V1, regions which may not respond to visual stimulation.
represents clear evidence that SR can occur in a neuron@hat is, the EEG noise is a “whole brain” noise but the EEG
system of massive dimension. Also the existence of SR imesponse to visual noise is specific to the visual cortex and
the VEP shows that this neuronal system is not naturallyconstitutes a small fraction of the whole brain noise.
optimized for internal noise. The existence of SR in the VEP could be the result of the
There was no evidence that the noise of EEG increasethreshold intervening between the linear responses of simple
measurably with the contrast of the applied visual noise. Weells and the post-synaptic activity of the complex cells that
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they drive. We tested this hypothesis by simulating the exfield. The full wave rectified output of each simple cell was
periment in a model system. The model consisted of 10@perated on by a hard threshold such that impulse functions
simple cells sharing a single linear spatiotemporal receptivevere generated at 200 Hz as long as the threshold was ex-
field that spanned approximately one spatial grating cycleceeded. This simulated nerve impulse generation. The simu-
All 100 simple cells spanned five grating cycles with a regu-lated nerve impulse rates were always well below saturation.
lar tessellation. Thus each simple cell sampled a differenThe outputs of all the simple cells were summed and the
phase of the grating. Test stimuli were simulated by mixing aspectrum was calculated for this sum to estimate the ampli-
square wave counter phase modulation of the grating withudes of the second and fourth harmonics as a function of
spatio-temporal noise mimicking that used in the experimentnoise contrast. The background noise was estimated as in the
The linear response of each simple cell was obtained by corexperimental analysis as well.

volving each test stimulus with the linear spatiotemporal Figure 5 shows the results of the simulation. A spatiotem-
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FIG. 5. Simulation of SR experiment. Nerve impulse responses from a population of 100 simple cells were summed and the power
spectrum calculated for different visual noise contrasts. See text for details. panel one shows temporal response functions and panel two
spatial response functions that resulted from fitting the SR data. Panel three shows the “equivalent” spatio-temporal field that best fit the SR
data built from the temporal and spatial response functions in panels one and two. The last two panels show the quality of the fit of the
simulation(continuous curveto the SR datddashed curve with boxgs
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poral receptive field was constructed using two temporal reral fields observed in simple cells. The last two panels show
sponse functions and two spatial response functions. Thimat the SR seen in the VEP could be accounted for by a
temporal response functions were calculated as suggested bingle “equivalent” spatiotemporal field and a threshold for
Wimbaueret al. [12]. There are two classes of temporal re- firing nerve impulses. The equivalent spatiotemporal field is
sponse functions called lagged and nonlagged. The norshown in the third panel and was determined by adjusting the
lagged function is illustrated by the continuous curve in thefive parameters of the modgéhree temporal parameters, one
first panel of Fig. 5. It contains one free parameter to adjusspatial parameter, and the threshdid obtain a best least-

its waveform. The lagged function is illustrated by the squared fit using a gradient seafsteepest descennethod.
dashed curve in that same panel. It has two free parametefhe temporal and spatial response functions that resulted
to adjust its waveform. The lagged function differs from thefrom the fit to the data are those actually shown in panels one
nonlagged function in that it has a negative-positive onsetand two.

Lagged and nonlagged temporal response functions are char- Our model, based on observed properties of simple and
acteristic of the temporal responses of cells in the lateratomplex cells in the visual cortex, is somewhat different
geniculate nucleus and occur in about equal proporfit8s  from and vyields different results from a generic summing
The spatial response functions were calculated to mimicetwork model proposed by Collins, Chow, and ImHdfb].
those observed in simple cells following Adelson and BergerThe generic model consisted of a set of excitable units
[14]. The profiles are the differences of Gaussians and are s€tU’s, FitzHugh-Nagumo model neurongachEU received

by a single parameter. The two profiles are the same functiothe same signal but identically and independently distributed
but in spatial quadrature. The spatiotemporal field shown irGaussian noise. SR was observed in the generic model when
the third panel is the sum of two spatiotemporal fields. Thehe number oEU’s was small(1-10 but when the number
first is the product of the nonlagged temporal response funmef EU's was large(1000, SNR increased monotonically
tion and the original spatial response functi@mown as a with noise power reaching a plateau. In our model for the
continuous line in the second panelhe second is the prod- visual cortex, each simple cdIEU) receives a signal that is
uct of the lagged temporal response function and the spatialorrelated with but not identical to that received by its neigh-
guadrature profils(shown as a dashed line in the secondbors because the spatiotemporal fields of the simple cells
pane). Adding these two spatio-temporal fields produces aonly partially overlap. The simple cells also receive corre-
single spatiotemporal field that is “nonseparabl@’cannot lated noise. In this case, SR does not plateau with visual
be reconstructed as the product of a single time function andoise contrast but shows the classical signature of SR, opti-
a single spatial profileand is similar to actual spatiotempo- mization of SNR with a particular visual noise contrast.
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