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Abstract— Noise input signals are commonly used in both lin-
ear and nonlinear system identification of physiological systems.
This method can be applied to electrophysiological analysis of
the human visual system by controlling the modulation of the
contrast of a checkerboard stimulus using a pre-computed noise
waveform. In this study we describe how one can obtain an
estimate of the linear impulse response of the visual system
using noise waveforms. Furthermore, we examine the impulse
responses obtained using noise signals with different frequency
characteristics, in an attempt to investigate the temporal fre-
quency characteristics of the human visual system. We show
that noise signals with frequency content greater than 15 Hz
are more effective at evoking these responses than those with
little or no power at high frequencies.

I. INTRODUCTION

The visual evoked potential (VEP) [1], [2] has become a
routinely used and extremely valuable tool in both research
and clinical settings for the evaluation of visual sensory and
perceptual processing. In clinical testing, the so-called tran-
sient VEP is typically evoked by the repeated presentation
of a visual stimulus at a rate of less than or equal to two
presentations per second and extracted from the electroen-
cephalogram (EEG) using signal averaging. When evoked
by such repetitive stimulation, it shows several distinct
components (e.g. C1, P1, N1) with distinctive topographies
over the occipital scalp. A major advantage of the VEP
technique is its exquisite temporal resolution, limited only
by the sampling rate of the measurement device.

White noise signals are commonly used in both linear
and nonlinear system identification of physiological systems
[3], [4]. By considering the brain in simplified form as
a linear system, with isolated events as input and EEG
as output, the average event related potentials (ERPs) can
be said to approximate the system’s time-domain impulse
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response functions, which is the linear part of the event-
related dynamics. However, in reality, events are not isolated.
Rather, inputs occur in a rapid and continuous stream and
their associated electrophysiological responses often overlap
in time. Consequently, an ERP calculated as the average
of many isolated inputs may obscure the brain’s response
dynamics.

The impulse response of the visual system to a stimulus,
whose luminance or contrast is modulated by a waveform
with uniform power over the range 0–30 Hz can be obtained
using linear least squares estimation [5]. This response is
known as the visual evoked spread spectrum response or
VESPA. While a stimulus waveform with these statistics is
effective at activating the early visual system, as evidenced
by the signal-to-noise ratios (SNR) of the VESPA over
area V1, improvements might be attained by using an input
waveform with more complex statistics.

In particular, the frequency characteristics of the VESPA
obtained by using a uniform power stimulus gives an in-
dication of the characteristics of the visual system itself.
This information, combined with prior information about
noisy subsystems within the visual cortex e.g. the alpha
band, suggests that VESPAs with improved SNR might be
obtainable.

A rapidly changing stimulus might be effective at isolating
the dorsal stream of the visual system. This could facilitate
rapid assessment of this subsystem, a procedure which is
slow and laborious using current methods. This can be tested
by shaping the spectrum of the input waveform so that
most of the power is in the higher frequencies of the 0–
30 Hz band. Using this waveform, the ability of such spread
spectrum stimuli to isolate the magnocellular pathways can
be assessed, at least insofar as an EEG study will allow.

Finally, stimuli with considerable energy both inside and
outside the 8–12 Hz alpha range are investigated. While the
large amount of spontaneous activity within this range of
frequencies suggests that using such a stimulus could result
in a lower SNR, it is hoped that the stimulus may “drive”
the alpha band activity, resulting in better performance.

II. METHODS

A. Subjects

Three subjects (one female) aged 28–41 participated in the
study. All had normal or corrected-to-normal vision.
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B. Hardware

Subjects were seated 60 cm from a 19 in computer monitor
driven by an NVIDIA GeForce FX5200 video card, at a
refresh rate of 60 Hz. EEG data were recorded from 64
electrode positions referenced to fronto-central location Fz,
filtered over the range 0–134 Hz and digitized at a rate of
512 Hz using a BioSemi Active Two system. Synchronization
between the video display and the EEG signals was ensured
by including the signal on the parallel port of the presentation
computer, controlled by the presentation software, among the
signals acquired by the analog-to-digital converter bank.

The EEG was digitally filtered with a high-pass filter with
a passband above 2 Hz and a −60 dB response at 1 Hz
and a low-pass filter with a 0–35 Hz passband and a −50
dB response at 45 Hz. The response properties of the video
monitor used for stimulus presentation were measured using
a Nuclear Associates photometer, model 07-621, with an
ambient light shield.

C. Images

The basic image used in this study was a standard checker-
board pattern. This consisted of equal numbers of black and
white checks. Each check subtended a visual angle of 0.65◦
both horizontally and vertically, while the checkerboard as
a whole subtended visual angles of 5.25◦ vertically and
horizontally. The luminances of the black and white checks
were measured as 0.1 cd/m2 and 164 cd/m2 respectively,
giving a Michelson contrast of 99.9%.

Using the measure monitor response profile, 68 checker-
boards were generated where the mean of the luminance of
the lighter checks and the darker checks were approximately
equal for each checkerboard. For example, the checkerboard
consisting of dark checks of gray-scale level 0 and light
checks of gray-scale level 255 has a mean luminance of ap-
proximately 82 cd/m2. Similarly, the checkerboard consisting
of dark checks of gray-scale level 129 and light checks of
gray-scale level 230 has a mean luminance of approximately
82 cd/m2. Finally, the uniform image consisting of pixels at
gray-scale level 188 also has a mean luminance of 82 cd/m2.
Examples of the images used can be seen in Fig. 1.

D. Spread Spectrum Waveforms

For all of the spread spectrum stimuli, the image being
displayed is controlled directly by an underlying spread
spectrum modulation waveform. Using the Nyquist sampling
theorem and given that EEG power above 30 Hz is very low,
the monitor refresh rate was set to 60 Hz. This underlying

Fig. 1. Constant mean luminance checkerboards 0, 34 and 67.

spread spectrum waveform was mapped to the checkerboard
images according to a linear relation, with the zero-point of
the waveform corresponding to checkerboard 34, and scaled
to allow ± three standard deviations within the range of
the images. On every refresh of the computer monitor, the
checkerboard image corresponding to the current sample of
the input waveform was displayed. The EEG data was tagged
with the value of the luminance of the light checks minus
the luminance of the dark checks. Fig. 1 shows three of these
mean luminance checkerboards.

Waveforms with any desired statistical properties can be
pre-computed and stored. This is accomplished by first
choosing a target power spectrum, then shaping Gaussian
noise appropriately. Six different filters were used in this
study to investigate the pass through characteristics of the
visual system.

1) White: The first set up that was investigated used
a spread spectrum waveform with uniform power in the
interval 0–30 Hz as shown in Fig. 2(a).

2) Damped Alpha: Taking into account the fact that there
is a large amount of spontaneous EEG activity in the alpha
band (i.e. 8–12 Hz), we used a shaping filter where we scaled
down the coefficients corresponding to frequencies in this
range. The shaping filter used can be seen in Fig. 2(b).

3) Alpha Band: The shaping filter shown in Fig. 2(c)
was used to investigate the quality of the impulse response
obtained by using a stimulus with most of its power in the
8–12 Hz range. As mentioned, there is a large amount of
spontaneous EEG activity in this range and it was considered
worth investigating whether this EEG could be “driven” by
the stimulus, thereby taking advantage of the high alpha
power.

4) High Pass: In an effort to investigate the response to
high frequency stimuli the shaping filter shown in Fig. 2(d)
was used.

5) VESPA: The power spectrum of the average VESPA
obtained using the mean luminance checkerboard stimulus
modulated by the waveform with uniform power over the
0–30 Hz range was calculated and is shown in Fig. 2(e).
It was felt that this would give a good indication of which
frequencies were processed well by the visual system and
which were not and that by shaping the spectrum of the input
waveform accordingly we might improve the SNR. Therefore
we generated Gaussian colored noise with the same profile
as the p.s.d. of the VESPA as plotted in Fig. 2(e).

6) VESPA with damped alpha: Finally, we investigated
the efficacy of using a waveform which was filtered based on
the spectrum of the original VESPA with a scaling down of
the power in the alpha band. This filter is shown in Fig. 2(f).

E. Experimental Procedure

Subjects were instructed to maintain visual fixation on the
centre of the screen for the duration of each testing session.
While abstaining from eye-blinks was not possible given the
session lengths, subjects were instructed to keep the number
of eye-blinks to a minimum during each session. Subjects
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Fig. 2. The six shaping filters investigated in this study.

were also instructed to keep all other types of motor activity
to a minimum during testing.

Each subject undertook two sessions of 120 seconds each
for the spread spectrum stimulus using mean luminance
checkerboards for each type of shaping filter. This gave a
total of 12 two-minute trials.

The order of presentation of stimuli modulated by wave-
forms with different statistics was counterbalanced between
subjects, and no set up was ever undertaken twice in succes-
sion.

F. Signal Processing

We obtain the VESPA by performing a linear least squares
fit of the response model

y(t) = w( )∗ x(t)+noise (1)

where y(t) is the measured EEG response, x(t) is the
intensity waveform of the stimulus, the symbol ∗ indicates
convolution, w( ) is the impulse-response function to the
brightness of the stimulus, and noise is assumed to be
Gaussian [5]. The values of xt are taken to be the difference
in luminance between the light and dark checks of each
checkerboard.

G. Quantification of Performance

SNRs were calculated for the VESPAs corresponding to
each different shaping filter. These SNRs were calculated by
defining the noise as the mean of the squared values in the
100 ms interval immediately preceding the stimulus, and the
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Fig. 3. The VESPA impulse responses measured using each of the six
different stimulation waveforms.

signal was defined as the mean of the squared values in the
interval 35–175 ms post-stimulus.

The SNR of each VESPA was calculated at occipito-
central electrode location Oz at 5 second intervals for each
subject and each session and then averaged across subjects
and sessions.

III. RESULTS

Fig. 3 shows the VESPA impulse responses to the six
different stimulation waveforms.

Fig. 4 shows a plot of the SNR of the impulse responses,
calculated at 5 second intervals, for each of the shaping filters
and averaged across subjects and sessions. As can be seen
from the plot, the high pass filter gives the best SNR after
120 seconds having an SNR of over 17 dB compared to
the 16.4 dB for the white noise waveform. Interestingly, the
case where the alpha is heavily damped and the case where
everything but the alpha is heavily damped have very similar
SNR after 120 seconds at 15.4 dB and 14.6 dB respectively.
Finally, the cases where the spectrum was shaped using the
spectrum of the VESPA response to the white noise stimulus
had the poorest SNRs. The SNR value after 120 seconds for
the stimulus based on the VESPA was 9.2 dB. A slightly
higher SNR of 11 dB was obtained in the case where the
alpha power was damped.

IV. DISCUSSION

While others have analyzed the frequency characteristics
of the visual system in electrophysiological studies using
single frequency stimuli [6], [7], we have shown that it
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Fig. 4. SNR at 5 second intervals for each of the shaping filters averaged
across subjects and sessions. ‘W’, ‘DA’, ‘A’, ‘HP’, ‘V’, ‘VDA’ represent the
white, damped alpha, alpha, high pass, VESPA, and VESPA with damped
alpha filters, respectively.

is possible to rapidly obtain impulse responses to stimuli
modulated with high SNRs using spread spectrum waveforms
with different statistics.

The plots in Fig. 3 and the SNR curves in Fig. 4 illustrate
that shaping the spectrum based on the VESPA obtained by
stimulating with a white noise stimulus does not improve
the SNR and, in fact, results in the two poorest SNR
curves. Perhaps a more complex mapping from the VESPA
p.s.d. to the input waveform statistics would result in an
improvement. For example, consider allocating power in the
input waveform as a function of the ratio of noise-to-gain
at each frequency bin for the original VESPA. This would
put more power into driving those frequency bands that
performed poorly and less into the frequency bands that
don’t need to be driven as hard. The plots also show that
the spontaneous alpha band activity associated with EEG
has had neither a positive nor a particularly negative effect
on the estimation of the impulse response. Finally, the high-
pass filtered stimulus and the white noise stimulus give the
best SNR curves. This suggests that stimuli with power in the
higher frequencies activate the visual system most effectively
using the spread spectrum stimulation method.

The VESPA tends to be very focused over the midline
[5]. This suggests that the spread spectrum stimulation par-
ticularly targets the dorsal visual stream, which is thought to
respond to rapidly changing stimuli and motion. The effec-
tiveness of the stimuli with power in the high frequencies,
i.e. the most rapidly changing stimuli, lends support to this
hypotheses. Conveniently, the most rapidly changing stimuli
are in fact the least visually obtrusive (consider the difference
between a light flickering at 15 Hz and one flickering at 60
Hz!)

Differences in the scalp topographies of the VESPAs to
the different simulation waveforms were investigated. Scalp
maps were plotted for the VESPA responses at 75, 100,

110, 130 and 155 ms (not shown). These indicated that the
topographies were very similar for the different waveforms.
More subjects would be needed in order to test whether
any small differences in the topographies are significant. The
poor spatial resolution of EEG may simply not be sufficient
to pick up subtle differences in the activation patterns of cell
subpopulations.

Recent research has identified changes in certain compo-
nents of the VEP in patients with schizophrenia that may
occur as a result of deficits specific to the dorsal visual stream
[8]. It is also suggested that certain ventral stream processes
are contingent on inputs from the dorsal stream, and as a
result failure in these ‘higher-level’ ventral stream processes
may be caused by these underlying dorsal stream deficits.
Since the spread spectrum stimulation method with high fre-
quency stimuli seems to effectively isolate the dorsal visual
stream, and that they allow for the estimation of VESPAs
with distinct components, the VESPA may have a significant
and immediate impact on research into schizophrenia.

V. CONCLUSIONS

Impulse responses, known as VESPAs, can be rapidly esti-
mated using spread spectrum stimuli with different frequency
characteristics. It appears that stimuli with power at higher
frequencies more effectively activates the neural pathways
associated with this method.

A schizophrenia study using the spread spectrum method
with white noise stimuli is underway.

An fMRI/DTI study showing which neural pathways are
activated using spread spectrum stimuli with different fre-
quency characteristics might provide more explanation for
the results shown in this study. A more comprehensive EEG
study using more subjects and other types of shaping filters
would also be useful.
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