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Abstract

Rapid fluctuations in contrast are common in our modern visual environment. They arise, for
example, in a room lit by a fluorescent light, when viewing a CRT computer monitor and when
watching a movie in a cinema. As we are unconscious of the rapid changes, it has been assumed
that they do not affect the operation of our visual systems. By periodically reversing the contrast
of a fixed pattern at a rapid rate we render the pattern itself, as well as the modulations, invisible to
observers. We show that exposure to these rapidly contrast-modulated patterns alters the way
subsequent stationary patterns are processed; patterns similar to the contrast-modulated pattern
require more contrast to be detected than dissimilar patterns. We present evidence that the changes
are cortically mediated. Taken together, our findings suggest that cortical stages of the visual
system respond to the individual frames of a contrast-reversed sequence, even at rates as high as
160 frames per second.
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Introduction

We tend not to see the flicker in a room lit by a fluorescent light because, prior to conscious
registration, our visual systems integrate the visual scene (which is lit in brief pulses
separated by dark intervals) across time. Due to temporal integration by our visual systems it
is possible to compose a sequence of patterned images that, when presented in rapid
succession, appears uniform. Periodically reversing the contrast of a black and white stripy
(grating) pattern (the sequence is referred to as a counterphasing grating) will produce this
effect, as long as the reversal rate is high enough (de Lange, 1958; Robson, 1966). This is
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because “blending together” or, more accurately, averaging the pair of images that make up
the sequence leads to a uniform intermediate gray across the entire image (see Figure 1).
Although it is the blended scene that arrives at the level of consciousness, it is possible that a
more detailed representation—one containing the individual frames—is registered elsewhere
in the cortex. We designed experiments to test whether the oriented patterns, unseen by
observers, nevertheless activated cortical neurons.

Viewing a pattern for a few seconds or more lowers sensitivity to similar patterns. We
require more contrast to see a pattern that resembles its predecessor than if the predecessor is
dissimilar. For instance, viewing a high contrast vertical grating pattern produces an
orientation-specific loss in sensitivity: a subsequent faint vertical grating requires more
contrast to be detected than a faint grating of a different orientation. This is thought to arise
from desensitization of neurons that are specifically activated by the oriented pattern.
Orientation specificity first arises in primary visual cortex so this site is implicated in these
adaptation effects. Perhaps surprisingly, we demonstrate orientation-specific adaptation to
rapidly contrast-reversed grating patterns, even when the rate of reversal is so high that both
the contrast modulations and the patterns themselves are invisible. This strongly suggests
activation of orientation-tuned cortical neurons by rapidly modulated patterns in the absence
of conscious awareness.

All experiments were performed using a desktop PC with VSG/5 graphics board and an
liyama Vision Master Pro 514 CRT monitor (model HM204DT, 20 inch visible, 22 inch
nominal). For all experiments the monitor was run with 600 x 800 pixel resolution and 160-
Hz refresh rate. Stimuli were created and responses were collected using Matlab R2007a
software.

All observers had normal or corrected-to-normal vision. Consent was obtained prior to
participation.

Adaptation to sine-wave gratings

Data were collected over a series of short sessions. There were breaks of minutes or days
between sessions. Each session consisted of 4 sequential blocks. In the first session, the
adapting orientation was left diagonal, in the second, it was vertical, in the third, right
diagonal, and in the fourth, horizontal. Each block consisted of 100 s of adaptation material
interrupted every 4 s by a test stimulus. During each 4-s adaptation interval, observers
fixated a black bar that appeared at the center of the display after removal of the preceding
test stimulus and that made a slow out and back excursion covering half a period of the
counterphasing grating during the adapting interval. The excursion was designed to prevent
significant retinal adaptation.

J Vis. Author manuscript; available in PMC 2015 May 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Falconbridge et al.

Page 3

The test grating stimulus onset was marked by a beep. During the test interval, a pair of
stable sine-wave grating test patterns that flanked the fixation point was simultaneously
presented for 300 ms (following 120-ms blank interval). Both test patterns had the same
spatial frequency as the adapting grating (0.63 cycles per degree of visual angle) but one
was parallel to the adapting grating and the other orthogonal. Both test patterns started at the
same low contrast—just above threshold. Observers responded after each test presentation
by pressing one or more arrow keys during the following adaptation interval. Button presses
indicated the observer’s perception as per the diagram in Figure 2. An up arrow decreased
the contrast of both patterns on the next presentation, the down arrow increased both
contrasts and a left/right arrow produced a decrease in the contrast of the left/right test
pattern and an increase in the right/left pattern. Multiple presses of the same key increased
the amount of change. A given test pattern (either parallel or orthogonal to the adaptor) was
randomly assigned to the left or right of the screen at each presentation.

The mean of the test contrast settings made between 80 and 100 s of exposure was used to
calculate the adaptation effect size; we found that contrast settings had generally stabilized
by the beginning of this interval (Blakemore & Campbell, 1969; Daugman, 1983). We used
the log of the ratio between the contrast of the parallel test pattern and the contrast of the
orthogonal pattern as our measure of the orientation-specific adaptation effect. This is
equivalent to subtracting the log of the contrast of the orthogonal from the log of the contrast
of the parallel (see, e.g., vertical axis of Figure 3). Results were averaged across all 4
adaptation orientations (blocks); no systematic differences between orientations were
evident. At least three sessions were completed for each adaptation contrast/ temporal
frequency combination. Error bars in Figure 4 in the main text represent between-session
Standard Errors of the Means (x1 SEM).

Temporal response function

Observers adjusted the contrast of the counterphase sine-wave grating to just above the
maximum contrast at which the screen appeared uniform. At this point observers typically
saw a flickering or moving grating-like pattern. Ten settings were made for each temporal
frequency (2.5, 5, 10, 16.7, 25, 50 Hz) condition.

Adaptation to phase-contrast gratings

The procedure for measuring adaptation to our phase-contrast (dot) gratings (Figure 5A) was
identical to that for the sine-wave gratings except that we used only two orientations for the
adapting gratings—horizontal and vertical. Note that the traveling fixation point was used
just as for the sine-wave gratings to reduce retinal adaptation. Observers participated in
between 6 and 16 adaptation blocks per condition (represented by a single bar in Figure 5B).

Interocular transfer of phase-contrast adaptation effect

The procedure and stimuli were exactly the same as that for measuring adaptation to our
phase-contrast gratings except in the following ways: The screen was divided down the
midline. An adapting grating was assigned randomly to either the left or the right side of the
screen. The associated test patterns were presented on the opposite side. Thus, the physical
size of the adaptor and test patterns was half that used in the other experiments although
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spatial frequency and other parameters stayed the same. Observers viewed the screen
through a stereo-viewer that, using a simple arrangement of mirrors, effectively widened the
separation between eyes so that each eye could look directly ahead at the center of the
respective half of the screen. A black divider extended from the midline of the stereo-viewer
to the midline of the screen so that each eye only saw one side of the screen. Observers
practiced with the apparatus to the point that they were comfortable with the task before
testing began. Observers participated in 12 adaptation blocks (6 per orientation; results
averaged across orientations).

Adaptation and discrimination for masked sine-wave grating

Results

Thirteen observers participated in 2 sessions consisting of between 250 and 430 (median
310) trials depending on their response rates. The experimenter was present with the
observer at all times. On each trial, a masked counter-phasing sine-wave adaptation stimulus
(Figure 6A) was presented for 4 s followed by two test gratings as in the standard sine-wave
grating adaptation experiments described above. Sessions were divided into pairs of blocks.
In one block the adapting patterns were randomly either vertical or horizontal on each trial
and in the other they were either left or right diagonal. A traveling fixation point was used
during adaptation as in the previous experiments. Following presentation of each adaptor
and pair of test patterns observers responded verbally to three questions: (1) Which of the
two test stimuli was higher contrast, (2) what was the orientation of the grating in the
adaptation stimulus, and (3) how confident are you in your response to question 2? The
confidence ratings did not correlate with likelihood of correct response to question 2.
Although this is interesting, it is not considered further in this report.

Sine-wave gratings

Orientation-specific adaptation in the absence of conscious awareness can only occur if
there is dissociation between the mechanisms driving the two effects. This possibility was
explored by investigating, in separate experiments, how both the visibility of a contrast-
reversed pattern and the resulting pattern-specific sensitivity loss vary with the temporal
frequency of the reversals. Counter-phasing sine-wave gratings like that depicted in Figure 1
were used.

In the first experiment, pattern-specific sensitivity loss was examined. We wanted to
compare the strength of adaptation across various reversal rates. The measure used was the
relative amounts of adapting contrast required to get similar sized adaptation effects for a
range of temporal frequencies (c.f. Temporal Response Function). The more contrast
required to get a certain adaptation effect at a particular temporal frequency, the less
sensitive the adaptation mechanisms at that frequency. For a range of temporal frequencies,
we have plotted the adaptation effect as a function of adapting contrast in Figures 3A and
3C. The first thing to note is that significant levels of adaptation occur for rapidly contrast-
reversed gratings, even 80-Hz gratings, which suggests cortical activation by the grating
patterns at these rates. Whether this modulation is too rapid for perception is considered in
detail below. The second thing to note is that the curves for the higher frequencies are of a
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similar form and are parallel to those of lower frequencies but displaced rightward. This
means that the effectiveness of any adapting stimulus, whatever its contrast, is multiplied by
the same frequency-dependent contrast sensitivity factor, indicated by the horizontal
displacement of the curve on the logarithmic axis of Figure 3. This suggests a common
underlying adaptation process, but with a frequency-dependent sensitivity.

It may come as a surprise that the adaptation effect, as a function of contrast, is similar for
all temporal frequencies—the only difference being the need to multiply the set of contrasts
by a higher factor as temporal frequency is increased. Consider an undulating signal and a
neuron or system of neurons that is responding to that signal. One might expect that as the
amplitude of the signal increased, the ability of the neuron/s to follow the signal to its
extremities might decrease. Thus, neural activity in response to high contrast undulating
patterns might be lower than expected. How would this effect manifest itself in our results?
Essentially, there would be a second mechanism besides the contrast/adaptation effect
mechanism modeled by a single curve in Figure 3 that decreased the effectiveness of high
contrast adaptors. This would manifest itself as a drop in the curves as you move from the
leftmost to the rightmost curve. There does not appear to be such a drop. The points of
inflection for the various curves appear to be at a similar point on the y-axis.

This is emphasized in Figures 3B and 3D where the curves for higher frequencies have been
displaced to lie on top of the 5-Hz curve. Note that the x-axis here represents normalized
contrast where the contrasts for each original curve have been multiplied by some factor
specific to each curve. Each multiplication factor is represented by a leftward displacement
on the logarithmic x-axis. Displacements are larger for higher temporal frequencies. The
appropriate displacement for each curve was found by taking the log of the y-axis data (to
straighten out the curve), fitting a line to the curve thus created then finding the
displacement that minimizes the RMS difference between the fitted line and the fitted 5-Hz
line. The required leftward displacement defines the frequency-dependent, relative
sensitivity of the adaptation effect. This relative sensitivity, as a function of temporal
frequency, is depicted by the blue solid curves of Figure 4.

Next, for a range of modulation frequencies, we measured the visibility of the
counterphasing gratings by determining how much contrast was required by observers to tell
that they were seeing a counterphasing grating pattern rather than a blank gray field.
Observers adjusted the contrast of each grating to the point where it was barely visible.
When visible, it appeared to either flicker or move as the bright and dark bars were
exchanged (Kelly, 1966). Consistent with previous studies (Watson, 1986), we found that
beyond about 10 Hz, as temporal frequency increased more contrast was required to see the
undulating grating (see Figure 4, red curves). For example, for the grating to be seen at 50
Hz, it needed to be about forty times the contrast of the 10-Hz grating.

Figure 4 compares the frequency-dependent sensitivity of the adaptation effect to the same
observers’ direct perceptual sensitivity to counterphasing gratings. The decline in sensitivity
with increasing temporal frequency is significantly more rapid for perception of the counter-
phasing gratings than it is for the adaptation effect produced by these gratings. This suggests
two things. The first is that the mechanisms driving the adaptation effect precede the
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mechanisms mediating conscious perception of the scene. The reasoning is given as follows:
Neural activation results from an integration process whereby afferent signals from a range
of axons are combined over some time window. This temporal integration process generally
leads to decreased sensitivity to high temporal frequencies as you move downstream along a
neural pathway (supported, e.g., in McKeeff, Remus, & Tong, 2007). As the “conscious
system” is less sensitive to high temporal frequencies than the adaptation mechanism we
might conclude that it is further downstream. The second thing the data suggests is that, with
a high enough temporal frequency, observers might exhibit an adaptation effect even though
they cannot see the counterphasing grating producing the effect.

A modulation rate of 80 Hz is well above the Critical Fusion Frequency (CFF)—the rate at
which a flickering uniform field is indistinguishable from a stationary uniform field
(Watson, 1986). It is also above the rate at which counterphasing grating patterns are
indistinguishable from a stationary uniform field (Kelly, 1966; Robson, 1966). Consistent
with this, in the above experiments we found that an 80-Hz counterphasing grating pattern
(despite its ability to produce adaptation) was not visible, even if it was presented at full
contrast. However, at this contrast observers did perceive a shimmering and extremely faint
grating pattern that had twice the spatial frequency of the actual adapting grating. Double-
frequency gratings have been reported previously for the case of low spatial frequencies and
temporal frequencies just below the point at which a counterphasing grating is
indistinguishable from a uniform field (approximately 50 Hz; Kelly, 1966). The gratings
were ascribed to a particular combination of linear and non-linear operations in the visual
system. In our case, the double frequency gratings were real—they were measurable with a
photometer. Note that the monitors were gamma-corrected for monitor non-linearity using
standard procedures; in addition, the gamma correction was further refined by preliminary
experiments in which the visibility of the grating was minimized by having observers
independently adjust the second and fourth harmonics of the underlying grating to make the
counter-phasing pattern appear as uniform as possible. We were unable, however, to
completely eliminate the impression of a faint and unstable frequency-doubled grating
during the presentation of the 80-Hz adaptation stimulus. To determine whether adaptation
can result under conditions where there are no visible cues at all to the presence of the
counterphasing grating, we designed a new stimulus that was free of this faint pattern.

Phase-contrast gratings

In the new stimulus, a square-wave counterphasing grating was sampled using stationary
circular windows arranged on a grid so that there were spaces between the visible parts of
the grating (see Figure 5A). To make a vertical grating, the dots were grouped by columns.
Alternate pairs of columns were toggled between light and dark in opposite temporal phase,
creating a “phase contrast” grating in which all dots undergo the same modulations and are
only distinguished by their temporal phase. At 80 Hz, this phase-contrast dot grating looked
like a steady field of identical light gray dots on a mid-gray background (the dots were
slightly lighter gray than the background; approximately 2% contrast). To confirm that the
dots were perceptually identical, we presented 3 naive observers with 3 horizontally
arranged counter-modulated dots where all dots were identical except that either the left or
the right dot was modulated 180° out of phase with the other two. When asked to identify
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the odd one out, observers performed at chance levels; the number of correct responses
compared to the number of trials was 172/306, 98/204, and 100/204, which corresponds to
p-values of 0.15, 0.77, and 0.92, respectively, using Yates correction. This result does not
exclude the possibility that, when many counterphasing dots are arranged as in our phase-
contrast pattern, some clues about the pattern are available (more on this below). It does
indicate that individual dots will be indistinguishable from their neighbors in such a pattern.
We can therefore ask: Is this perceptually uniform field of dots capable of producing
orientation-specific desensitization—an effect usually associated with visible grating
patterns?

As in the adaptation experiment described above, two sinusoidal grating test patterns—one
parallel to the unseen adapting grating and the other orthogonal—appeared after every 4 s of
exposure to the adapting field of dots. An orientation-specific adaptation effect was
measured just as in the adaptation experiment above. All three observers exhibited a
moderate but significant adaptation effect (see Figure 5B, blue bars). These results indicate
that the orientation-selective neurons in the observers’ visual systems were responding to
patterns that the observers themselves were unable to see. Viewing the 80-Hz phase-contrast
grating produced an orientation-selective adaptation effect even though the grating itself was
invisible.

Where in the visual system is the structure that adapts? This system of neurons apparently
has access to properties of the adaptation stimulus that an observer cannot see. Thus,
knowing where the adaptation effect is mediated tells us where consciousness is not—it
helps delineate the “neural correlates of consciousness” (Crick & Koch, 1990, 1998). As the
adaptation effect is orientation specific, we can say with some confidence that the effect is
mediated in the visual cortex, where pronounced orientation selectivity first arises (Hubel &
Wiesel, 1962; Reid & Alonso, 1995; Shou & Leventhal, 1989). Can we further constrain the
possibilities?

To do this, we tested whether the adaptation effects reported here were interocularly
transferable. If the adaptation stimulus is presented to one eye, will an adaptation effect be
observed when you test with the other eye? If so, the adaptation effect must occur at least as
late as the binocular cell stage (layers 2, 3, and 4B in area V1 and beyond) of visual
processing, since these are the first visual neurons to get input from both eyes. Figure 5B
(purple bars) demonstrates that adaptation does result under these testing conditions, so the
adaptation effect is at least partially mediated by neurons at or above the binocular cell
stage. This excludes these cells from direct participation in conscious awareness—at least
under the conditions of this particular experiment.

Although the phase-contrast gratings were invisible, occasional abrupt eye movements
(saccades) as the observer followed the slow moving fixation point (see Methods section)
produced a slight impression of shearing motion at the boundary between same-phase
columns (or rows) of dots in the direction of the underlying grating, thereby revealing the
stimulus orientation. This could result if at the time of the saccade a difference in processing
times for the black versus the white dots on the screen (e.g., Cattell, 1886; Kammer, Lehr, &
Kirschfeld, 1999) differentially displaces out-of-phase dots. Such saccades were infrequent
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(approximately one per few seconds of exposure) and the gratings as such remained
invisible to observers during the saccades—each dot remained an indistinguishable gray. To
ensure that the adaptation effects were not due to the shearing artifact, we recreated the
shearing effect using a field of uniform light gray dots that shifted a small amount relative to
one another in a manner that matched the perceived shift. As expected, there was no
measurable adaptation effect following this stimulus (Figure 5B, gray bars).

Even so, we wanted to be sure that adaptation could result under conditions where the
adapting stimulus was completely invisible to observers—where they were unable to discern
the orientation of the grating. To this end, we designed a new adaptation stimulus.

The stimulus was, in all respects, the same as that used in the experiments just described
except that in every 5th frame of the stimulus sequence the black and white dots defined a
lattice of squares rather than a grating. The squares were two dots across and were spaced 2
dots apart. The inclusion of this frame was sufficient to eliminate awareness of the
orientation of the adaptation grating. All three observers performed at chance levels in a 2-
alternative forced-choice discrimination task; the number of correct responses compared to
the number of trials was 55/101, 98/202, and 92/202. Corresponding p-values using Yates
correction were 0.623, 0.842, and 0.426, respectively. Nevertheless, adaptation still resulted.
The size of the adaptation effects is depicted by the pink bars in Figure 5B. All mean effects
are significant: observers thus exhibited orientation-selective adaptation to a stimulus whose
orientation was completely indiscernible.

Masked sine-wave gratings

A masking procedure proved similarly helpful in eliminating orientation cues with the
continuous sine-wave gratings of Figure 1. The masking effect was created by inserting two
“noise” frames every 6 frames of the counterphasing grating sequence (see Figure 6A). A
noise frame followed each pair of consecutive frames in the counterphasing grating
sequence. In one of the noise frames, each cycle of the grating was replaced by a set of 14
narrow strips of random luminance—the same set of luminance values repeated each cycle;
the next noise frame, presented 3 frames later, was similar but was rotated by 90 degrees
from the adapting orientation. The sequence was repeated (with a fixed grating orientation)
for an adapting period of 4 s, which preliminary experiments had shown was sufficient to
produce measurable adaptation effects. On each trial the adapting orientation was randomly
either horizontal or vertical (or in other blocks of trials, randomly left or right diagonal).

Since the mask frames were not cancelled by a counterphase presentation (whereas the
gratings were), the orthogonally crossed masking line patterns dominated perception.
Indeed, although five out of every six frames of any given adaptation sequence shared a
common orientation (the adapting grating orientation) and only one out of six was
orthogonal, the observers performed at or near chance when asked to report the orientation
of the adapting grating after each 4-s exposure in a 2-alternative forced-choice task (see
Figure 6B, pink bars). As a measure of adaptation, observers also reported which of two
subsequent faint test patterns, one parallel to the adapting grating and one orthogonal,
appeared to have higher contrast. For all observers the orthogonal test grating was perceived
as having higher contrast more often than the parallel grating (purple bars, Figure 6B).
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Performance was significantly above chance (p < 0.05) for all but one observer (p = 0.174),
indicating highly significant adaptation effects, despite the fact that the orientation was
indiscernible for almost half of the observers and barely discernible for the others.

Despite considerable variation among observers, the group data suggest that observers
judged the adapted orientation “fainter” more often than they correctly identified the
orientation of the adaptation pattern (paired t-test, t = 2.52, df = 12, p = 0.027; the t-test is
applicable because the observed proportions, being near 0.5 and based on hundreds of trials,
are nearly normally distributed with equal variance). Thus the most reliable indicator of the
orientation of the adapting pattern was not the observer’s direct report of the orientation, but
rather which one of the subsequent test patterns they considered to be lower contrast.

Of particular interest are the trials in which observers guessed the orientation of the
adaptation grating incorrectly. On these trials, we can be fairly certain that the grating was
not seen. Did observers still get adaptation on these trials? The blue bars in Figure 6B
indicate the proportion of choices suggesting adaptation (i.e., fraction of times the
orthogonal test grating was seen as having higher contrast) for this subset of trials for each
observer. The fraction of adaptation-consistent judgments for these trials exceeded 0.5
reliably (at p < 0.05) for 8 of the 13 individual observers. The across-observer mean and
95% confidence interval is depicted by the rightmost point on the graph in Figure 6B. In a
total of 1843 trials in which observers reported the adapting orientation incorrectly, the
adaptation effect was in the direction expected for the true adapting orientation in 1063
trials. This degree of overall consistency could not occur by guessing (p < 1075).

These results indicate that although the orientation of the masked adaptation stimulus was
ambiguous, a weak but substantial orientation-specific loss in sensitivity followed. Even on
trials where observers clearly did not see the grating (as they discerned the orientation
incorrectly), significant levels of adaptation were measurable. This, in turn, indicates
activation of orientation-tuned neurons in the cortex in the absence of conscious awareness.

Discussion

It has been shown previously that rapid flicker of a uniform field alters flicker sensitivity
even when the flicker is undetected (Shady, MacLeod, & Fisher, 2004), but there was no
evidence that the rapid modulations activated cortex, nor that the individual fields were
processed by cortex as the result can be ascribed to retinal adaptation mechanisms. EEG
(Lyskov, Ponomarev, Sandstrom, Mild, & Medvedev, 1998) and electrophysiological
(Krolak-Salmon et al., 2003; Williams, Mechler, Gordon, Shapley, & Hawken, 2004)
studies have revealed that cortical neurons can undergo entrainment—phase locking of
neural firing patterns—to the flicker in 60-100 Hz flickering video displays. Whether
specific sets of neurons, for example, those tuned to the patterns in each frame, are activated
and whether the entrainment leads to perceptual effects is unclear from these findings. Our
results thus constitute the first clear demonstration of cortically mediated perceptual effects
by contrast modulations too rapid to be seen.
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Both the orientation-specific and the interocular-transferable nature of the adaptation effect
strongly suggest that the modulated patterns are processed in at least the input layer (layer 4)
of area V1. This precludes these neurons from direct participation in perception—at least
under the conditions used in these experiments. This is conducive with earlier claims that V1
activity is not tied directly to consciousness (Crick & Koch, 1995; Pollen, 1995) although
our results do not preclude a subset of V1 neurons beyond the first binocular cell stage that
are linked to consciousness. Our results are consistent with schemes in which the
mechanisms mediating adaptation precede those that mediate consciousness (discussed, e.g.,
in a review by Rees, Kreiman, & Koch, 2002).

The simplest mechanism for the reported effects is one where the cortical representation, at
the level of the adapting mechanism, is veridical. The two frames of a given counterphasing
sequence are likely to be represented by two distinct sets of neurons up to the simple cell
stage. Expressly, an “on-center” retinal ganglion cell might represent one portion of image 1
leaving an “off-center” cell to represent the same portion in image 2. The simple cell
representation will be similarly apportioned. A phase zero simple cell might represent an
area of image 1 and an opposite phase cell the same area in image 2. Thus both images
would be represented in V1, each by a different subset of neurons. Is peak activity likely to
oscillate between the two sets of neurons just as the scene alternates between the two
images? This is difficult to establish from our results, but the EEG and electrophysiological
results cited above have shown that, when exposed to flickering video displays, neurons in
the cortex phase-lock their activity to the flicker, including simple and complex cells—even
up to 100 Hz. Such a display consists of a single image that is turned on and off. In our case,
we alternate between two images and expect that the sets of neurons representing each
would oscillate at 80 Hz with a phase difference of 180 degrees between the two sets.

This work is closely related to other studies showing orientation-specific aftereffects for
unseen patterns (Blake & Fox, 1974; He, Cavanagh, & Intriligator, 1996; He & MacLeod,
2001; Vul & MacLeod, 2006). Note though that here our focus is on showing pattern-
specific adaptation for contrast-modulated patterns in the case that the modulations are too
rapid to be seen, rather than the case where the pattern itself is imperceptible. Note though
that we did go to some lengths to remove the pattern from awareness because of the
potential for a visible pattern to influence our aftereffects. We achieved complete pattern
imperceptibility in the case of our phase-contrast pattern with a mask and showed that our
aftereffect still persisted. In all other cases at least some hint about the nature of the
underlying pattern was available—at least occasionally. In the last experiment (masked sine-
wave grating), where the pattern was sometimes seen, we demonstrated significant
adaptation on the trials where it was not seen.

Our study thus relates to a broader class of studies that use psychophysical techniques to
remove stimuli from awareness (Kim & Blake, 2005). In a sense, rapidly reversing the
contrast of a pattern might be considered a “trick” for rendering the pattern invisible. We
prefer to consider a spatiotemporal state space of all possible stimuli where sufficiently far
along the temporal frequency axis modulations are imperceptible and sequences of stimuli
are averaged or “blurred” together. We have provided strong evidence that patterned stimuli
in this region of state space can be discerned by cortex even when they are not perceived.
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Our masking techniques certainly fit neatly among the set of “tricks” available for rendering
the visible invisible.

Conclusions

An orientation-specific decrease in sensitivity can occur following exposure to a grating
pattern whose contrast is reversed so rapidly that the contrast modulations as well as the
grating itself cannot be seen. As such adaptation effects are thought to be cortically
mediated, this strongly suggests that rapid, even unseen, modulations of contrast activate the
cortex. Further, it is not just the existence of modulations that is signaled in the corte, it
appears that the individual images between contrast changes are processed as it is only these
images—not the average of them—that contain orientation information in our experiments.
The view that rapid contrast modulations—too fast to be seen—do not affect the cortex is
erroneous. As such modulations are common in our environment, the potential for adverse
effects should be explored.
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Figurel.

Counterphasing sine-wave grating. Consecutive frames are 180° out of phase. Averaging
consecutive frames leads to a uniform intermediate gray (represented by the horizontal
dashed line).
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Figure 2.
Adaptation experiment procedure.
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Contrast adaptation functions at different temporal frequencies. Left column (A, C):
Orientation-specific adaptation effect as a function of adapting contrast, for a range of
temporal frequencies for observers (A) MF and (C) HD. Horizontal axis: Contrast of the
adapting pattern, on a logarithmic scale. Vertical axis: Orientation-specific adaptation effect,
expressed as the log contrast required to detect a test grating parallel to the adapting pattern
minus the log contrast required for an orthogonal test grating; this is equivalent to the log of
the ratio of the two contrasts. High temporal frequencies require greater adapting contrasts
for the same orientation-specific adaptation effect. Right column (B, D): Same curves
displaced leftward to lie on top of the 5-Hz curve. Amount of displacement is a measure of
the sensitivity of the adaptation effect at the frequency in question—it is the factor by which
the adapting contrast has to be multiplied to produce the same sized adaptation effects as in

the most sensitive (5 Hz) condition.
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Figure4.
Sensitivity as a function of temporal frequency. Log sensitivity for the adaptation effect

(solid line) and for the perception of the grating (dashed line), as a function of temporal
frequency. Each curve is normalized by its peak value. The fall-off for the adaptation effect
at mid-high frequencies is shallower than the fall-off for perception. (A) Observer HD. (B)
Observer MSF. Error bars represent +1 SEM.
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Figureb5.
Adaptation effects for 80-Hz counterphasing “dot” grating. (A) “Phase-contrast grating”

stimulus used to produce an unseen pattern. Toggling rapidly between the two frames led to
the appearance depicted on the right. The white and black dot luminances were set so that
they averaged out to a slightly higher luminance than the background. (B) An orientation-
specific adaptation effect was calculated by subtracting log detection thresholds for test
gratings orthogonal to the adapting grating from log thresholds for test gratings that were
parallel as in Figure 3. Blue bars: normal viewing conditions; purple bars: interocular
condition (adapt pattern presented to one eye and test patterns presented to the other). In
both cases, the adaptation effects were statistically significant (p < 0.025) for each observer.
Taken together, the results support cortically mediated adaptation to the invisible
counterphasing dot gratings involving neural mechanisms that are orientation-selective and
binocularly driven. Gray bars: Control experiment; the counterphasing dots were replaced
with steady light gray dots that moved occasionally in replication of a shearing pattern seen
infrequently when observers performed a rapid saccadic eye movement during adaptation.
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Pink bars: Adaptation to a sinusoidal grating pattern whose orientation was masked (see
text). All error bars depict 95% confidence intervals based on between-trial variation.
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Ambiguous sine-wave grating—stimulus and results. (A) Masked counterphasing sine-wave
grating stimulus. Two out of every six frames were “noise” frames as described in the text.
(B) Fraction of correct responses for various tasks related to the adaptation stimulus depicted
in (A). For each task, a choice was made between two orthogonal alternatives so chance
level performance is 0.5, depicted by the horizontal dashed line. Error bars represent 95%
confidence intervals. Pink bars: Discerning the orientation of the counterphasing grating in
the adaptation stimulus. Purple bars: Choosing which of two orthogonal test patterns was
higher contrast following the adaptation stimulus. Response was flagged “correct” if the
chosen pattern was orthogonal to the adaptation stimulus. Blue bars: Same as purple bars but
only considers trials where the orientation of the adaptation stimulus was chosen incorrectly.
The blue point on the far right depicts the average for these data. It suggests significant
adaptation on trials where the orientation of the adaptation stimulus was clearly
indiscernible.
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