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ABSTRACT

The human electroretinogram (ERG) has been studied for
about a century and has been in use as a clinical tool for perhaps
half that time. Like most other biopofentials, the ERG is probably
the result of nonlinear operations, but there have been surprisingly
few attempts to study these nonlinear characteristics. We have
characterized the human ERG system using Wiener kernels, which
reflect separately the linear ahd nonlinear operations.

One of the difficulties with conventionalanalyses of the ERGfor
smallamplitude flash stimuliis the variability of the response, both be-
tween subjects and for the same subject. Thisis oftenthe result of poorly
controlled experimental conditions rather than pitfalls in the analysis.
For example, differences in retinal illumination can change both the
stimulus and the system. Also, different placement of electrodes
can cause different impedence and noise effects. We reduced both
these artifacts by providing a maxwellian view of the stimulus and by
using an eyecup electrode of our own design. The inherent nature
of the flash stimulus can produce other artifacts which the quasi-

random stimulus avoids. For example, flash stimuli are more
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likely to evoke nonvisual responses than the random intensity
stimulus. Also large amplitude flashes test the retina with non-
physiological levels.

We first demonstrated the reliability of the first- and second-
order Wiener kernels for characterizing the human ERG system by
measuring standard deviations of the kernels for a variety of experi-
mental conditions. We also used the kernels to predict responses
to flash stimuli. For the cases considered, the first- and second-
order kernels characterized the human ERG system more com-
plétely and accurately than measgured flash responses.

We next examined the changes in the kernels for different
mean levels of quasi-random stimuli. The first- and second-order
kernels change suddenly for a step increase or decrease in stimulus
mean. The size and latency of the kernel components increase as
the stimulus mean decreases and a second b-wave appears as a
distinct component of the first-order kernel for low stimulus means.

This second b-wave was shown to be attenuated for a red
(663/ nm) stimulus and reduced for a Retinitis Pigmentosa patient.
Furthermore, when the stimulus bandwidth is increased, other
componénts of the first-order kernel increase in size but the second
b-wave remains the same. Hence, the second b-wave of the first-
order kernel probably reflects the functioning of rod systems, much

like the scotopic b-wave of the flash response.
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Next we compiled all experimental evidence to construct
models of the ERG system which produce the observed adaptation
effects. Separate photopic and scotopic models were derived which
offer a simple interpretation of the first- and second-order Wiener
kernels. The photopic system is described as a cascade of a non-
linear system without memory followed by a linear filter with a long
time constant. This seems appropriate since the first-order kernel
for photopic stimulus levels does not change shape with different
depths of modulation and since the second- and third-order kernels
main diagonals resemble the shape of .the first-order kernel. The
characteristics of both elements of the model were estimated using
experimental observations.

A scotopic model is also described which accounts for some of
the observed changes in dynamics for scotopic stimulus levels. An
additional linear integrator with a short time constant is added in
series to the photopic model, positioned in front of the nonlinear
element. Small changes in the time constant of this linear stage
produce large changes in the total dynamics of the model. If the
linear operations of this stage become more complex, then some of
the structure of the second-order kernel away from the main diagonal
can be accounted for.

Finally, we measured the ERG responses to one and to two
simultaneous quasi-random stimali of different wavelengths. The

first-order kernels change significantly for different wavelength



stimuli. However, the differences can be accounted for by changes in
the relative adaptation states of photopic and scotopic components.

The two-input experiments produce cross-kernels which can
indicate cross-talk between receptor systems. However, if all
receptor systems receive some -proportion of both stimuli, then the
cross-kernel can be dominated by self second-order kernels. This is
the case for two inputs of red (663 nm) plus blue (423 nm) stimuli.

Other'evidence for interactions between receptor systems is
available from observing the changes in the first-order kernel for
a single input when a second inplut of different wavelength is added
to the stirnu_lus. For example, the background red stimulus changes
the response to the blue stimulus, and the background blue stimulus
changes the response to a red stimulus. However, simple adaptation
differences can again account for the observed changes.

The original goal of this project was to prove the feasibility of
analyzing human retinal function using quasi-random stimuli. The
small amplitudes characteristic of the quasi-random stimulus and the
large noise levels customary for the human ERG made our analysis
difficult‘. Furthermore, subjects would only tolerate a few minutes of
steady fixation. Results are not presented for about half the subjects
tested because of excessive noise levels. However, the Wiener kernels
can provide more information about retinal function than alternative
characterizations. Changes in the lower order Wiener kernels can be
empirically linked to retinal diseases even when higher order kernels
are ignored. We hope that our procedure and interpretations will pro-

vide a means for eventually improving the resolutionof the clinical ERG.
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