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 Chapter 3

Dynamics of adaptation after onset and cessation of
flicker

ABSTRACT

In a number of psychophysical studies, adaptation to a flickering background was
examined using the probe-sinewave paradigm. Here, we study the dynamics of
adaptation with the same paradigm when the background flicker is abruptly switched on
and off, by following the dc-elevation of the threshold curves. We find a large
asymmetry between the speed of adaptation after the onset and after the cessation of
flicker. Moreover, we find that the Weber level is not reached in the 'off' period, whereas
thresholds do reach steady state (for continuous flicker) during the 'on' period. A recent
study (Chapter 2) explained dc-elevation of the threshold curves by a contrast gain
control in a model for light adaptation. This model cannot explain the asymmetry in the
time-course of adaptation found here. The asymmetry can, however, be shown to be
advantageous for optimal estimation of variance or contrast (DeWeese and Zador, 1998).

INTRODUCTION

In a number of studies psychophysical thresholds for brief probes presented on a
flickering background (the so-called probe-sinewave paradigm) were reported (Boynton
et al., 1961; Hood et al., 1997; Wu et al., 1997; Chapter 2). A salient feature of these data
is that for many modulation frequencies thresholds are well above the level obtained
with steady backgrounds. This elevation of thresholds that occurs at all the phases of
the background field is commonly called the dc-component of the threshold curve (Hood
et al., 1997). Here we present a quantitative comparison of the time-course of adaptation
at the onset and cessation of flicker, by following the build-up and disappearance of this
dc-elevation.

Only two current models for light adaptation can explain the elevation of the dc-
component with modulation frequency. Hood & Graham (1998) show that Wilson's
model (Wilson, 1997) generates a dc-elevation through a push-pull mechanism,
supposedly located in the retina. The main problem with this explanation is that there is
no physiological evidence for (even evidence against) such a mechanism in the retina
(Hood, 1998). The model presented in Chapter 2 shows that there is no need for a push-
pull mechanism to explain the dc-elevation when a contrast gain control module is
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included in a model for light adaptation. This model explains both the modulation depths
of the threshold curves obtained with the probed-sinewave paradigm and the elevation
of the dc-component. The modulation is caused by light adaptation components, the dc-
elevation is mainly caused by contrast gain control. A smaller part of the dc-elevation is
caused by the saturating non-linearities in the model. This result gives a good
opportunity to study the dynamics of contrast gain control by following the dynamics of
the dc-level.

Contrast adaptation has been shown to exist in the retina at the level of ganglion cells in
numerous physiological experiments (e.g. Shapley and Victor, 1978; Benardete et al.,
1992). However, only few experiments have been performed on the speed of contrast
gain control (Victor, 1985, 1987; Smirnakis, 1997), and none of those have been
performed in primate retina. Also only very few psychophysical experiments have been
performed to study the time-course of contrast gain control. In previous studies either
adaptation to spatial contrast was tested (Wilson & Kim, 1998) or only recovery of
sensitivity after the cessation of temporal contrast (Foley & Boynton, 1993). Here, we
present psychophysical experiments to measure the time-course of dc-elevation after
both onset and cessation of temporal contrast, which, presumably, reflects the time-
course of contrast gain control.

METHODS

Apparatus and psychophysical procedure

The experimental set-up was identical to that described in Chapter 2. It is important to
note here that the adaptation field viewed by the observer was spatially homogeneous.
We collected psychophysical thresholds using a modified yes-no method, as described
in Poot et al. (1997; Chapter 1). The experimental procedure was the same as that
described in Chapter 2.

Observers

Three observers took part in this study, 2 male and 1 female. Ages ranged between 21
and 26 years. One observer has good acuity, two have acuity corrected to normal. All
observers were aware of the purpose of this study.

Temporal sequence

The adaptation stimulus consisted of alternating periods (of duration 1.28 s) of a 25 Hz
sinusoidal flicker of 80 % contrast, and a constant luminance of 7500 Td equal to the
average luminance level of the sinusoid (see Fig. 1). Short (7.5 ms) incremental test
pulses were superimposed on the adaptation stimulus at a time τ (positive or negative)
relative to the beginning or ending of the sinusoid. Threshold strength for test detection
was measured as a function of τ.
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Figure 1. Temporal sequence of the adaptation stimulus. A 25 Hz sinusoidal flicker with a
modulation depth of 80 % is alternated continually with a constant luminance level of 7500 Td.
Both alternating periods have a duration of 1.28 s.

We measured threshold curves for four different versions of the adaptation stimulus
(see Fig. 2). In the different versions the flicker started and ended at a different phase of
the sinusoid (0, 90, 180 or 270 deg). This procedure resulted in four separate curves for
thresholds as a function of τ. Since we are mainly interested here in the dc-elevation of
the threshold curve, and not in the modulation around this level, we averaged these four
curves, in order to dispose of the modulation of thresholds around dc-level. In this way
we obtain a better view of the time-course of the dc-elevation than looking at one of the
individual curves and comparing it to the threshold curve for continuous flicker. This is
also necessary after cessation of flicker, since phase effects of the preceding sinusoid
may still influence the threshold curve after flicker has stopped. Averaging over phase
will therefore give a more accurate view of the time-course of the dc-elevation.

We chose to use a 25 Hz adaptation stimulus, because the dc-elevation of test
thresholds for continuous flicker is close to maximal at this frequency (Chapter 2; Fig. 3).
A second reason for choosing a high frequency is that the influence of the discontinuity
in luminance which occurs when flicker begins or ends at a phase of 90 or 270 degrees is
smaller at high frequencies, because of low-pass filtering in the early stages of light
adaptation (Levinson, 1968).

Figure 2. Temporal layout of stimuli with flicker onset at four different phases (0, 90, 180 and
270 deg); τ is the time between flicker onset and the middle of the test pulse, and τ has a positive
value after flicker onset, and a negative before onset. At the cessation of flicker the same
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convention is used to indicate phase: e.g. 0 deg means the sinusoid is switched off at its positive
zero crossing, 90 deg at its minimum.
A third reason is that the modulation depth (ratio of maximum to minimum) of the
threshold curves is smaller at 25 Hz than at lower frequencies, and thus has less
influence on the results.

RESULTS

In Fig. 3 phase-averaged thresholds around onset (left panel of each graph) and
cessation (right panel) of flicker are shown for three observers. Around cessation, each
threshold in the figure for subject RV is the average of the thresholds for the four phase
conditions (also when luminance was constant), except for the threshold at τ = 640 ms
after flicker ended, which was based on one phase condition only. Phases at cessation
are defined identical to those in Fig. 2 for onset, e.g. 0 deg at cessation denotes
cessation at the positive zero-crossing of the sinusoid. At τ = 40 ms after cessation we
still find significant effects of the phase of the sinusoid at flicker cessation on
thresholds. For subject RV, cessation at a phase of 270 deg gives the highest threshold,
which was 85 % higher than the lowest threshold after cessation at a phase of 90 deg.
The threshold curve after cessation at a phase of 0 deg was most similar to the phase-
averaged threshold curve. We found no significant differences between the four
thresholds caused by the phase for times τ larger than about 80 ms after flicker
cessation. Therefore, the other two subjects measured thresholds for four phase
conditions just for times τ smaller than 80 ms, for only two phase conditions (0 and 180
deg) at τ = 80 ms, and for only one phase condition (0 deg) for times τ larger than 80 ms.
Around onset thresholds for all subjects are based on four phase conditions, except for
threshold at t = -20 ms before onset for subject LP, which is based on one phase
condition.

When we compare the threshold curves after onset and after cessation of flicker we find
a large asymmetry in the speed of adaptation. After the onset of contrast, thresholds
reach steady state (phase-averaged threshold level during continuous flicker) within
approximately 40 ms. This is not only the case for the phase-averaged threshold, but
also for each of the four phase conditions separately. After the cessation of contrast
however, thresholds at τ = 40 ms are still much elevated (JK: 185 %, LP: 198 %, RV: 161
%) above Weber level. When we fit an exponential curve to the data around onset and
the first 80 ms after cessation, we find a difference in time constant of a factor of about 2
for all observers. These time constants differ considerably though, between observers
(36-61 ms at onset and 63-102 ms after cessation).

A further asymmetry between adaptation after contrast onset and cessation is that
steady state is only reached during the 'on' period of the contrast stimulus and not
during the 'off' period. After the onset of contrast, thresholds reach steady state within
approximately 40 ms. But after the cessation of contrast, a slow adaptation component
appears to take over after about 80 ms, and the threshold curve flattens. Threshold
elevations above Weber level at τ = 640 ms are still quite high (JK: 24%, LP: 64 % and
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RV: 30 %). Thresholds do not further decline much below the value at t=640 ms within
the remaining 640 ms of steady background before flicker is switched on again.



Chapter 3

66

Figure 3. Phase-averaged threshold curves (dots with solid lines) for three observers. In the left
panel of each graph, threshold curves around flicker onset are shown, in the right panel curves
around the cessation of flicker. The dotted line between the threshold curves indicates the steady
state level for continuous flicker, computed from thresholds measured at four phases of the
sinusoid (0, 90, 180 and 270 deg). The lower dotted line indicates threshold level for a steady
background (Weber level). Note the logarithmic scale of the ordinate.

DISCUSSION

Does contrast gain control cause dc-elevation?

Can contrast gain control explain the dynamics of the dc-elevation as we found here? It
is generally accepted that a contrast adaptation mechanism exists in the retina (Shapley,
1997; Hood, 1998). To explain the rapid build-up of the dc-level reported here with a
contrast gain control, we have to assume that contrast gain control is very fast, at least
after onset of flicker. Such a fast contrast gain control was reported by Victor (1985,
1987) in physiological experiments on cat retinal X cells. Cells were stimulated with a
spatial grating, which repeatedly appeared or disappeared, or was reversed in contrast.
The stimulus remained stationary for 500 ms after each pattern switch. After a step in
spatial contrast, temporal contrast is generated in a short time interval. After such a
short temporal contrast pulse, adaptation was found to be very fast. In Victor’s model
for X cell center dynamics, a neural measure of contrast controls the time constant of an
adaptive high-pass filter. Victor estimates that the low-pass filtering stage in the
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computation of the contrast measure must have a time constant of at most 15 ms to fit
the experimental data well. This supports the hypothesis that contrast adaptation can be
very fast. But this conclusion is not contrary to the finding that adaptation is slow after
cessation of contrast, since the physiological experiments were only performed with
stimuli with spatial contrast, whose cessation generate only transient temporal contrast.
Results could be different when gratings are flickered continually, instead of being
stationary (in time). Another explanation may be that the fast retinal contrast gain
control found by Victor is followed by a slower cortical contrast adaptation, which
would not affect the results of retinal electrophysiology, but which would contribute to
thresholds in psychophysical experiments.

From the experiments presented so far we cannot rule out that the slow component
found after cessation of flicker is caused by a slow luminance adaptation mechanism. It
is possible that the sinusoidally modulated background light is compressed by non-
linearities in early adaptation, which causes its average to be different from the
luminance during the steady period. This then leads to a step in average luminance,
which can cause prolonged threshold elevations (Poot et al., 1997). To exclude this
alternative explanation, one of the subjects (RV) performed the following control
experiment: the steady luminance level during the 'off' period was varied (to 0.5, 0.7, 1.4,
or 2.0 times the initial value of 7500 Td), and thresholds after the contrast step were
measured at τ=80 ms. If the above alternative explanation were correct, it should be
possible to find smaller threshold elevations for luminances other than the average of
the sinusoid, by compensating for the effective luminance change caused by
compression. The results from this control experiment indicate that this is not the case.
Threshold elevations above Weber level were approximately equal to that for 7500 Td for
all luminances tested. This supports the idea that the prolonged elevation after cessation
of contrast is caused by a contrast gain control, and not by a slow luminance adaptation.

Comparison with the predictions of the model of Chapter 2.

In this section we compare the present results with predictions of the model presented in
Chapter 2. As shown there, dc-elevation can be predicted accurately, for a large range of
temporal frequencies (Chapter 2, Fig. 3). In the model, contrast gain control is the main
factor in predicting the dc-elevation. The mathematical implementation of this contrast
gain control gives an instantaneous estimate of contrast, and it is therefore extremely
fast. Simulations of the model response to flicker onset and cessation show that the
model predicts a correct time-course after onset, but is too fast shortly after cessation.
Furthermore, the long-term elevation of thresholds longer after cessation is not
predicted; thresholds predicted by the model return to Weber level at about 300 ms after
cessation. Adjustments to the model are thus necessary to explain the present data. One
possibility is to devise separate paths for contrast 'off' and contrast 'on' signals. This is
not strictly necessary, however, as is shown in the luminance adaptation component of
the model, which explains the asymmetrical behavior of luminance adaptation after
positive and negative luminance steps (Poot et al., 1997). An equivalent approach might
be followed with respect to contrast gain control.
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Comparison with Smirnakis et al.

In a recent physiological study, Smirnakis et al. (1997) measure the firing rate of
salamander and rabbit ganglion cells to a spatially homogeneous, randomly flickering
stimulus. The mean intensity of this stimulus remained constant, whereas its contrast
switched between 0.09 and 0.35 every 50 or 100 seconds. They report a rapid increase in
firing rate after a step increase in contrast, which then slowly recovers to a new level
according to an exponential curve with a time constant of about 10 seconds. After a
decrease in stimulus contrast the firing rate dropped abruptly and then recovered
exponentially with a time constant of about 30 seconds. Thus, they report a similar
asymmetrical behavior after positive and negative contrast steps as we report here, but
the time scale of the adaptation process is much larger. It is therefore not likely that this
asymmetry originates in the same adaptation mechanism, unless the time course is very
different in salamanders and rabbits compared to primates. Smirnakis et al. also report a
second, much faster adaptation process, which can be deduced from the change in
shape of the pulse responses in their Fig. 3. An increase in contrast changes the
waveform towards a faster behavior. Unfortunately, it is not possible to give a time
constant for this fast contrast adaptation, because the pulse responses are based on the
linear kernel of the firing rate with respect to the stimulus intensity. Because firing rates
are very low (0.75-3.5 Hz) this kernel can only be calculated with a low temporal
resolution.

Comparison with Foley & Boynton

Foley and Boynton (1993) have performed a psychophysical experiment to study the
time course of threshold elevation after removal of a masker. Their experiment 3
investigates the effect of the duration of the masker on threshold elevations. The masker
had a spatial frequency of 2 c/deg, a temporal frequency of 15 Hz (square wave counter-
phase flicker) and a duration of 200 or 2000 ms (compare our 1280 ms). Time between
masker presentations was 2 seconds. Thresholds for detection of a 2c/deg Gabor patch
with a duration of 33 ms at different times after the removal of the masker are presented
in their Fig. 4. As we do, they find that thresholds decrease rapidly at first and then more
slowly. For the 2000 ms masker, thresholds are elevated about 120 % at 80 ms after the
masker (compare our 90 % averaged for the three observers) and 60 % at 640 ms after the
masker (compare our 40 %). These slightly higher elevations may be caused by the
longer 'on' period of the masker (2000 vs. 1280 ms), or other features of masker and test
(e.g. spatial or temporal frequency). Despite the fairly large differences in stimuli, the
time-course of recovery after cessation of contrast is quite similar the time-course we
find.

Comparison with Wolfson & Graham

Wolfson & Graham (1999) have performed similar experiments to those presented here
and in Poot et al. (1999). They measured thresholds for a small decremental probe at
eight phases during a sinusoidally flickering background (with a temporal frequency of 1
and 8 Hz, spatially homogeneous). Thresholds were always measured during one full
cycle of flicker starting at a phase of 0 or 180 degrees, but the 'history' and 'future' of this
cycle was either a constant luminance level or flicker. The presence (or absence) of
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flicker after the probed modulation cycle had little effect on thresholds during flicker.
The presence of flicker before the probed cycle caused no significant difference for the 1
Hz flicker, but a lowering of thresholds at 0 and 16 ms after onset for the 8 Hz stimulus.
Thresholds return to the level for continuous flicker within 32 ms. The time-course of
adaptation after onset of flicker is therefore consistent to our finding that adaptation is
very fast after onset of a 25 Hz flickering stimulus.

Comparison with Wu et al.

In the psychophysical study by Wu et al. (1997) detection thresholds were measured for
a 2 ms test flash superimposed on a 30 Hz sinusoidally flickering background. This
background had a modulation depth which was gradually varied in time (from 0 to 100
%), following a Gaussian envelope with a full width at half maximum of 176.6 ms. In
Experiment 1 thresholds were measured at 8 phases of the sinusoid, at 100 % modulation
depth. From the results in their Fig. 2 we estimate that the dc-level was elevated about a
factor of 2.9, a somewhat lower value than our 5.1 (averaged for the three observers).
This difference could be caused by the difference in temporal frequency between the
two studies (see Chapter 2). In Experiment 3 of Wu et al., test pulses were presented only
at the positive zero-crossings of each cycle of the sinusoid. In their Fig. 9, the gradual
build-up and decline of thresholds during variation of the modulation depth is shown.
The maximum threshold elevation found there is 2.9 as well, which indicates that
threshold at the positive zero crossing is a good measure for the dc-elevation. The dc-
elevation follows the temporal profile of the Gaussian envelope with no significant delay.
No asymmetry in thresholds during increasing and decreasing contrast is observable.
The following two reasons may cause this: Firstly, contrast changes gradually and not
abruptly, as in the present experiments. This may lead to a different behavior of contrast
gain control. Secondly, the total duration of the flickering stimulus is about 400 ms (of
which only about 200 ms with a relatively high contrast), which may be too short for the
slow contrast gain component to build up. Preliminary experiments we performed
indicate that the duration of the flicker period has a large influence on threshold
elevations during the 'off' period of the stimulus. So even if there are no measurable
effects on thresholds measured during flicker, there must be a slow adaptation process
during this period, which only affects thresholds when flicker is switched off. This is in
agreement with the findings of Foley and Boynton (1993, Fig. 3), who tested two
durations of 15 Hz flicker (200 and 2000 ms). Thresholds do not become higher with
longer duration during flicker, but they do remain high for a longer period of time after
flicker has stopped.

Wu et al. argue that the observed dc-elevation cannot be caused by contrast gain
control, since temporal integration would be required to obtain a contrast estimate. This
would then cause a delay of thresholds with respect to the Gaussian envelope, which
was not found. This delay is however not necessary, as is explained in Chapter 2. Our
model contains a contrast gain control module that gives an instantaneous estimate of
contrast. Therefore, the experiments reported by Wu et al. are consistent with a fast
contrast gain control.
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Comparison with Wilson & Kim

Wilson & Kim (1998) find that thresholds for detection of a sixth derivative of a spatial
Gaussian (D6 pattern) of 30 ms duration are elevated strongly just after onset of a
masker, which consisted of a 3 c/deg cosine grating with 50 % spatial contrast.
Thresholds at later times after onset start to decline with a time constant of about 50 ms.
We find here that thresholds remain at the same level after onset of contrast. This
difference is most likely caused by the fact that the stimulus used by Wilson generates
only a brief moment of temporal contrast, which probably only leads to a transient
threshold elevation. When the masker is flickered continuously after onset temporal
contrast remains high, which may lead to sustained threshold elevations. This
hypothesis was tested by Snowdon (1999); thresholds were measured using the same
paradigm, but the masker was flickered with a temporal frequency of 16 Hz. Snowdon
finds that in this case thresholds are equal throughout the duration of the masker, which
accords with the present experiments.

Why is adaptation slower after cessation of contrast?

We find here that adaptation is slower after cessation than after onset of flicker. We
attribute the elevation of the dc-component of the threshold curve to a contrast gain
control. If this is the case, we can give a possible functional explanation for its
asymmetrical behavior to positive and negative contrast steps. In an irregularly
fluctuating or natural luminance stimulus, contrast is not as easy to define as in a
sinusoidally flickering stimulus. Therefore, the variance of such a signal is often used as
a measure for its contrast. DeWeese and Zador (1998) present a mathematical proof that
the best way to estimate the variance of a randomly fluctuating signal (not necessarily a
luminance signal) leads to an asymmetrical temporal behavior after positive and negative
variance steps. They show that an optimal variance estimate results in a more readily
detectable increase in variance than a decrease. This can be understood intuitively with
the following argument: when variance is small, a sudden input value that lies outside of
the previous distribution of input values with a small variance will lead to the immediate
conclusion that variance has increased. It is obviously highly unlikely that this input
value belongs to the distribution with the small variance. But if variance is large,
decreasing the variance will yield inputs that are still probable given the previous
variance. It is then still likely that the input value belongs to the previous distribution
with the large variance, because it is close to the average of the distribution (when we
assume that both distributions have equal averages). Thus more data are needed before
it can be decided that a new variance has occurred. It may therefore be good strategy to
make contrast gain control slower after cessation of contrast, because making it faster
would only result in too many mistakes in the estimation of contrast, and unnecessary
adjustments of contrast gain. We estimate from Fig. 2 in DeWeese & Zador that for a
jump in variance by a factor of 4, it takes about 3 times longer to reach 67 % of steady
state level after a downward switch, than after an upward switch. The asymmetry in the
present results is of the same order of magnitude; a factor of about 4 (for larger contrast
steps). Preliminary results from psychophysical experiments with randomly flickering
stimuli (as analyzed by DeWeese & Zador) with equal contrast as the sinusoidal flicker
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show an asymmetry in time-course after onset and cessation which is slightly more
pronounced. This indicates that the effect does not strongly depend on the type of
stimulus, but mostly on its variance or contrast. Although the mathematical predictions
by DeWeese & Zador are obviously more abstract than the actual adaptation processes
in the retina, it may well give the underlying functional reason why contrast gain control
should have an asymmetrical behavior.
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