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Size Aftereffects Are Eliminated When Adaptor Stimuli Are Prevented from Reaching Awareness by Continuous Flash Suppression
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Size aftereffects are a compelling perceptual phenomenon in which we perceive the size of a stimulus as being different than it actually is following a period of visual stimulation of an adapter stimulus with a different size. Here, we used continuous flash suppression (CFS) to determine if size aftereffects require a high-level appraisal of the adapter stimulus. The strength of size aftereffects was quantified following a 3-s exposure to perceptually visible and invisible adapters. Participants judged the size of a target that followed the adapter in comparison to a subsequent reference. Our experiments demonstrate that the adapter no longer influenced the perceived size of the subsequent target stimulus under CFS. We conclude that the perception of size aftereffects is prevented when CFS is used to suppress the conscious awarness of the adapting stimulus.
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INTRODUCTION

Aftereffects are illusory experiences that proceed periods of exposure to certain kinds of sensory input. The prolonged exposure to a sensory input causes neural adaptation, which in turn changes the operating properties of how subsequently presented stimuli are analyzed and perceived (Clifford et al., 2007; Zhao et al., 2011). Neural adaptation leading to aftereffects can occur at many levels of the visual pathway (Webster, 2011). One of the best known aftereffects is the waterfall illusion, which was first described by Addams (1834) after viewing the waterfall of Foyers in Scotland. When Addams turned his gaze away from the waterfall to the vertical face of a nearby cliff, he began to perceive the cliff moving upward in a vivid and realistic manner. Importantly, aftereffects are typically robust and usually occur independently of neuronal fatigue (Virsu, 1978; Thompson and Burr, 2009). Therefore, aftereffects reflect mechanisms directly implicated in fine-tuning the perceptual processing of a sensory stimulus and are not epiphenomenal to a system that has become, in general terms, less responsive to sensory stimulation.

In a visual psychophysics experiment, Pooresmaeili et al. (2013) demonstrated how size aftereffects can be induced in a manner similar to Addams’ waterfall using Craik-O’Brian-Cornsweet circles (Purves et al., 1999) (Figure 1). Namely, an adapter, which had the same diameter across trials, was presented before a test circle. Participants indicated whether the test circle, which varied in size between trials, was smaller or larger than a proceeding reference, which always had a fixed diameter. From these data, points of subjective estimation (PSE) were computed for each participant. The authors observed that the PSE changed depending on whether or not an adapter was presented, such that large adapters decreased the perceived size of the test circles while small adapters increased the perceived size of test circles with respect to when no adapter was presented. That is, the adaptation produced an aftereffect in the opposite direction to that of the adapting stimulus, in a similar fashion that motion aftereffects produce motion in the opposite direction to the adapting motion.
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FIGURE 1. The size aftereffect paradigm. The figure depicts how a size aftereffect paradigm typically works. When a small adapter is presented before a large test stimulus, the latter will appear larger (top half of the figure). Conversely, when a large adapter is presented before a small test stimulus, the latter will appear smaller (bottom half of the figure).



Similar procedures were repeated by Pooresmaeili et al. (2013) in a separate functional magnetic resonance imaging (fMRI) experiment with the exception that participants passively viewed the adapter and test circles. Using a regions-of-interest approach, which only included the analysis of specific visual areas of the brain, the authors demonstrated that activity in the primary visual area (V1) reflected the participants’ perceived rather than retinal size of the test circle. Moreover, the authors demonstrated how a computational model based on local inhibitory mechanisms could account for 81% of variability in their fMRI results. Based on these findings, the authors argued that the observed aftereffects likely originated within V1 and propagated in a feedforward manner. However, current models of visual consciousness emphasize the importance of reverberating loops within the ventral stream (Lamme, 2006) and the amplification of neural activity in visual areas by top–down attention-driven mechanisms (Dehaene and Naccache, 2001). If it is the case that size aftereffects originate within V1 and propagate in a feedforward manner then it is conceivable that processing an adapter by these additional top–down mechanisms, which are thought to be necessary for visual awareness, may not be required for size aftereffects. Thus, the question arises as to whether or not these size aftereffects might survive the suppression of the adapter from conscious awareness.

We performed similar visual psychophysics procedures as those implemented by Pooresmaeili et al. (2013) under continuous flash suppression (CFS) (Tsuchiya and Koch, 2005). CFS is an interocular suppression technique that can be used to examine visual processing outside of awareness. During CFS, the dominant eye views rapidly changing contour-rich patterns, called Mondrians, while the non-dominant eye views a static stimulus of a much weaker contrast. The flickering Mondrians displayed to one eye causes perceptual invisibility of the unchanging stimulus displayed to the other eye. Although the exact mechanisms of this technique are not fully resolved (for reviews, see Sterzer et al., 2014; Yang et al., 2014), there is fMRI evidence for strong suppression of higher-order visual regions during CFS (Cohen et al., 2015; Ludwig and Hesselmann, 2015; Ludwig et al., 2016). The effects of CFS on early visual cortex have been mixed. Some studies suggest that V1 responses are reduced when conscious awareness is suppressed (Yuval-Greenberg and Heeger, 2013; Bahmani et al., 2014) while others suggest that visibility does not significantly modulate V1 responses (Watanabe et al., 2011). Compellingly, multi-voxel pattern analysis (MVPA) is able to decode signals from V1 and successfully discriminate faces from tools (Fogelson et al., 2014), which would not be possible if the visual signal is substantially corrupted at this early level.

While some interocular suppression studies have demonstrated that aftereffects for the orientation of stimuli do not depend on the awareness of the adapter (Wade and Wenderoth, 1978; Bahmani et al., 2014), others have found that aftereffects for more complex features such as face identity, which involve increased processing by higher-level visual areas in the ventral stream, requires awareness of the adapter (Moradi et al., 2005; Amihai et al., 2011). At present, it is unclear whether the perceptual analysis of the size of Cornsweet stimuli might depend on conscious awareness and further processing by higher-level visual areas or can be largely mediated outside of conscious awareness. This study sought to determine if size aftereffects of Cornsweet stimuli can still occur when the adapter is masked by means of CFS. If size aftereffects are mainly mediated by V1 and propagate in a largely feedforward manner as proposed by Pooresmaeili et al. (2013) then its conceivable that they will still be present even when the adpater is outside of conscious awareness.

MATERIALS AND METHODS

Overview

Participants completed one testing session. The testing session began with a handedness questionnaire followed by tests that assessed visual acuity, eye dominance, and ability to fuse stimuli binocularly. This was followed by a threshold experiment to determine the Michelson luminance contrast required for an adapter to break CFS. The participant then completed the aftereffects experiment with the luminance contrast for the adapter stimuli adjusted so that it was below the threshold value obtained in the former experiment. The aftereffects experiment used a paradigm similar to the one described in Pooresmaeili et al. (2013) but also included additional conditions with CFS. We used the method of constant stimuli (Ehrenstein and Ehrenstein, 1999) to obtain psychometric curves and calculate points of subjective equality (PSE) and bistability widths (ω) from these curves. The former consists of a measure of perceived size while the latter consists of a measure of perceptual uncertainty (Wood et al., 2016). The testing session ended with a second threshold experiment to verify that the luminance contrast used for adapter stimuli under CFS in the aftereffects experiment remained below threshold. In total, the testing session took 2 h to complete with breaks. This study was carried out in accordance with the recommendations of the La Trobe University Human Ethics Committee with written informed consent from all participants. All participants gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the La Trobe University Human Ethics Committee.

Participants

Twenty-four adults participated in the study. We randomly assigned participants to one of two conditions: the small or large adapter conditions. Twelve participants completed the small adapter condition (6 males, age range 18 – 51, M = 25.5 years, SD = 9.1) and 12 participants completed the large adapter condition (6 males, age range 20 – 33, M = 25.7 years, SD = 3.9). To be included in the study, participants needed to be right handed and have normal or corrected-to-normal vision. We verified handedness using a modified version of the Edinburgh Handedness Inventory Questionnaire (Oldfield, 1971). All participants received a score of 90% or higher. We screened for binocular dysfunction by asking participants to place their index finger at arm’s length between their eyes and a single target on the wall two meters away. Participants were then instructed to focus their gaze on their finger and report how many targets on the wall they perceived. Then, participants were instructed to focus their gaze on the distant target and report how many fingers they perceived. Binocular fusion was deemed intact if the participant said two in both cases. Also, the Snellen chart was used to confirm that each eye had at least 20/20 vision. In addition, eye-dominance was assessed using the Miles test (Miles, 1930). This test was conducted by asking participants to make a diamond with their hands by joining both their index fingers and thumbs together. With arms outstretched, participants viewed a distant target through this aperture and gradually brought their hands toward their face. The eye to which participants brought their hands toward while still being able to view the distant shape was determined as the dominant eye. The Miles test revealed left-eye dominance in 5 participants and right-eye dominance in 19 participants. None of the participants had trouble with binocular fusion.

Stimuli and Apparatus

The stimuli consisted of Craik-O’Brian-Cornsweet circles (Purves et al., 1999). We created the stimuli in MATLAB (Math Works, Natick, MA, United States) using procedures similar to those described elsewhere (Purves et al., 1999). As shown in Figure 1, the center of the stimuli appeared darker relative to the background – although both were physically isoluminant (luminance: 40.3 c/m2, RGB: 128, 128, 128). Stimuli were presented using E-Prime 2 software (Psychology Software Tools, Sharpsburg, PA, United States) on a 23″ liquid crystal display (LCD) computer screen with a resolution of 1600 × 900 pixels. The frame rate of the monitor was 60 Hz. Participants viewed the stimuli through a mirror stereoscope with their heads on a chin rest. Viewing distance from the eyes to the computer screen was 57 cm. To aid binocular fusion, stimuli displayed to both eyes were each centered inside a pictorial frame subtending 17° by 17° of visual angle behind a fixation point.

Procedures for the Threshold Experiment

For each trial, we presented a stimulus with a Michelson luminance contrast of 2, 3, 4, 5, 6, 7, or 8% under CFS for 3,000 ms (for details regarding CFS, see Procedures for the Size Aftereffects Experiment). The stimulus subtended either 4° or 9° of visual angle depending on whether the participant was assigned to the small or large adapter conditions. Participants indicated verbally whether or not they had any inclination of seeing a stimulus being presented under CFS. Each luminance contrast condition was tested five times. We also included ten catch trials without a stimulus under CFS. E-Prime randomly generated the presentation order of the different conditions. We defined the participant’s perceptual threshold as the lowest luminance contrast for which a stimulus broke suppression on a single trial or more. A threshold of 8%, the highest contrast value tested, was assigned to those participants who did not experience any breakthrough in suppression during the threshold experiment.

Procedures for the Size Aftereffects Experiment

Participants in both the small and large adapter conditions completed four blocks. These blocks consisted of: (1) a visible adapter stimulus preceding a target, (2) no adapter preceding a target, (3) an adapter stimulus under CFS preceding a target, and 4) no adapter under CFS preceding a target. We counterbalanced the order in which participants completed the blocks. E-prime randomly generated the order of trials within each block. We set the luminance contrast for all stimuli (i.e., the adapter, target, and reference stimuli) 1% below the participant’s threshold (i.e., a 3% threshold meant that all experimental stimuli were adjusted to a 2% luminance contrast). The exception to this rule was that all participants with a threshold larger than 5% luminance contrast had the stimuli adjusted to 4% luminance contrast. This approach helped maximize the effects of the adapter stimulus while ensuring that the stimulus remained outside of conscious awareness (Stein and Sterzer, 2011).

Figure 2 shows the temporal sequence of events for a trial in the CFS condition (the visible condition was identical to the CFS condition except for the presentation of the flashing Mondrians). Each trial began with the participant maintaining central fixation over a blank image for 2,000 ms. Afterwards, we presented a series of Mondrian images to the dominant eye at a frequency of 10 Hz (Tsuchiya and Koch, 2005) for 3,200 ms. The series of Mondrian images consisted of eight pictures cycling in a sequential order for a total of 32 presentations. We presented the Mondrian images to the dominant eye because suppression of conscious awareness works better for information presented to the non-dominant compared to the dominant eye (e.g., Almeida et al., 2008; Laycock et al., 2017). Meanwhile, the non-dominant eye was presented with either a blank image for 3,200 ms in the adapter absent condition or a blank image for 200 ms followed by an adapter stimulus for 3,000 ms in the adapter present condition. The latter was to ensure that the Mondrians presented to one eye had already directed the participant’s attention before presenting the adapter stimulus to the other eye. The adapter stimulus subtended 4° and 9° of visual angle during the small and large adapter conditions, respectively.
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FIGURE 2. Continuous flash suppression (CFS) procedure and experimental stimuli for the small and large adapter conditions. The figure shows the stimuli used in the small (A) and large (B) adapter conditions. Also shown (C) is the sequence of stimuli in the adapter present condition presented to the non-dominant and dominant eyes as well as the participant’s expected fused perceptual experience.



Afterwards, we presented a blank image to both eyes for 500 ms followed by a test stimulus to the non-dominant eye for 500 ms. The test stimulus ranged in size between trials. For the small adapter condition, the test stimulus subtended between 8° to 10° of visual angle with 10 different possible sizes varying in 0.2° increments. For the large adapter condition, the test stimulus subtended between 3° to 5° of visual angle with ten different possible sizes varying in 0.2° increments. E-prime randomly generated the order of presentation for the different test sizes.

Finally, we presented a blank image for 500 ms followed by a reference stimulus for 500 ms to the dominant eye. The reference stimulus subtended 9° and 4° of visual angle in the small and large adapter conditions, respectively. An interstimulus interval (ISI) of 500 ms between the adapter and test stimuli was chosen in light of an earlier study demonstrating strong aftereffects at this ISI (Suzuki and Cavanagh, 1998). We then presented a mask to both eyes for 100 ms. After the mask disappeared, participants verbally indicated whether they perceived the test stimulus as “smaller” or “larger” than the reference stimulus. The experimenter manually entered the participant’s response using a keyboard.

Data Analyses

We carried out statistical analyses using the Statistical Package for the Social Sciences version 23 (SPSS; IBM Corporation; Armonk, NY, United States), JASP software version 0.8 (University of Amsterdam, Amsterdam, Netherlands), and GraphPad Prism version 6 (GraphPad Software, Inc.; La Jolla, CA, United States). For the threshold experiment, we performed an analysis of variance (ANOVA) with Time (pre vs. post) as a within-subject factor and Adapter Size (small vs. large) as a between-subject factor. We further verified that each participant’s threshold in the post condition remained above the luminance contrast selected for the size aftereffects experiment.

For the size aftereffects experiment, we created psychometric curves for each condition in each participant based on their responses. This was done by counting the number of times the participant reported the target stimulus as appearing “larger” than the reference stimulus. Using the following logistic function, we calculated the probability (P) of the participant reporting the test stimulus as appearing larger than the reference:
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Where b0 and b1 are coefficient estimates based on an initial general linear model (binary logit) fit. From this function, the PSE was calculated as P = 0.5, representing how large the target stimulus needed to be for the participant to judge this stimulus as having the same apparent size as the reference stimulus with higher PSE values signifying that the test stimulus was perceived as smaller. Additionally, we calculated the bistability width (ω) as:
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Where P0.25 and P0.75 correspond to P = 0.25 and P = 0.75, respectively. In this case, the bistability width (ω) provides a measure of variability in the perceived size judgments by the participant with higher ω values signifying greater perceptual uncertainty. After extracting the PSE and ω values, we performed ANOVA on these dependent variables with Adapter Presence (adapter present vs. adapter absent) and Perceptual Visibility (No CFS vs. CFS) as within-subject factors and Adapter Size (small adapter vs. large adapter) as a between-subject factor. Simple effect tests and Bonferroni-corrected pairwise comparisons were used to further analyze significant interactions. One sample t-tests against the physical size of the reference were further used to confirm the presence of aftereffects. Unless specified otherwise, all reported p-values are based on two-tailed criteria and corrected for multiple comparisons. For effect sizes, we report the partial eta squared ([image: image]) values obtained from the ANOVA and calculated Cohen’s d for pair-wise comparisons as the difference between the two means divided by their pooled standard deviation (Cohen, 1988).

In addition to null hypothesis statistical testing, which does not allow one to draw definite conclusions about the viability of the null hypothesis, we calculated Bayes Factors (BF10) denoting the likelihood of the alternative (H1) over the null (H0) hypothesis. BF10 indicates more evidence in support of the alternative hypothesis as it increases and more evidence in support of null hypothesis as it decreases. We considered BF10 values of 3 or more to provide substantial support for the alternative hypothesis and BF10 values less than 0.33 to provide substantial support for the null hypothesis (Wetzels et al., 2011).

RESULTS

Threshold Experiment

The threshold luminance required to maintain suppression decreased following the aftereffects experiment. Our analyses demonstrated a main effect of Time [F(1,22) = 9.05, p = 0.006, [image: image] = 0.29] but not a main effect of Adapter Size [F(1,22) < 0.01, p = 0.956, [image: image] < 0.01] nor an interaction between Time and Adapter Size [F(1,22) = 1.38, p = 0.252, [image: image] = 0.06]. Although the decreases in thresholds were statistically different, they were not meaningfully different, reducing on average by 0.96% in luminance contrast. Inspection of the individual data revealed that none of the participants in either the small (Figure 3A) or large (Figure 3B) adapter conditions had a post threshold that was less than or equivalent to the luminance contrast that we used to present adapters in CFS condition during the aftereffects experiment. In addition, no participant ever reported seeing an adapter breaking suppression during the aftereffects experiment. Taken together, this evidence demonstrates that the adapters remained perceptually invisible in the CFS condition even though the thresholds decreased slightly after the aftereffects experiment.
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FIGURE 3. Individual suppression thresholds. The figure shows thresholds measured before (the pre condition in dark color columns) and after (the post condition in light color columns) the size aftereffects experiment, for both the small (A) and large (B) adapter conditions. The x-axes represent the participant number and the y-axes represent the luminance contrast (%). Thresholds were defined as the lowest luminance contrast for which a stimulus broke suppression on any trial. Black columns denote the luminance contrast used to present the adapter in the size aftereffects experiment. Importantly, these values remained below the post threshold measurements in every participant. Thus, participants should not have ever been aware of the presence of the adapter stimulus in the size aftereffects experiment. This was subsequently confirmed by every participant reporting not having seen an adapter break suppression in the CFS condition in the size aftereffects experiment.



Size Aftereffects Experiment: Goodness of Fit in the Psychometric Curves

We assessed the goodness of fit in the resulting psychometric curves in each participant for each of the different conditions. Participants in the small (mean R2 = 0.91, SD ± 0.04, range = 0.79–0.99) and large (mean R2 = 0.89, SD ± 0.05, range = 0.75–0.98) adapter showed good fits across all conditions.

Size Aftereffects Experiment: Analysis of PSE Values

The small adapter made the test stimulus appear larger while the large adapter made the test stimulus appear smaller, but only when these adapters were visible to the participant (Figures 4, 5). ANOVA demonstrated a three-way interaction between Adapter Presence, Perceptual Visibility, and Adapter Size [F(1,22) = 8.51, p = 0.008, [image: image] = 0.28]. Deconstructing this interaction revealed differential effects of Adapter Size when the adapter was present in the No CFS but not the CFS conditions (Figure 5).
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FIGURE 4. Mean psychometric function curves for all conditions. The figure shows the mean psychometric curves for participants in the small adapter condition during the No CFS (A) and CFS (B) conditions. The figure also shows the mean psychometric curves for participants in the large adapter condition during the No CFS (C) and CFS (D) conditions. Dark curves correspond to the adapter absent condition while light curves correspond to the adapter present condition. The x-axes correspond to the test stimulus size in visual angle (1° corresponding to 1 cm in physical size) while the y-axes correspond to the probability (P) that the test stimulus appeared larger than the reference stimulus. The dashed horizontal lines denote the actual size of the reference stimulus while the dashed vertical lines denote the points of subjective estimation (PSE) defined as P = 0.5. The PSE represents how large the target stimulus needed to be for the participant to judge this stimulus as having the same apparent size as the reference stimulus. Conceptually, this means higher PSE values for when the test stimulus was perceived smaller.
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FIGURE 5. Points of subjective estimation (PSE) for the different conditions. (A) In the small adapter condition, participants perceived the test stimulus as larger, as reflected by smaller PSE values, when the adapter was present versus absent in the No CFS (∗) but not the CFS condition. PSE values in the No CFS condition were also lower than the retinal size of the reference stimulus (†). (B) In the large adapter condition, participants perceived the test stimulus as smaller, as reflected by larger PSE values, when the adapter was present versus absent in the No CFS (∗) but not the CFS condition. PSE values in the No CFS condition were also higher than the retinal size of the reference stimulus (†).



Comparing the small adaptor present with the small adaptor absent conditions demonstrated that participants perceived the test stimulus as larger (demonstrating smaller PSE values) in the No CFS condition (p = 0.001, d = 0.80, BF10 = 9.75, see asterisks in Figure 5A) when the adapter was consciously visible, but not in the CFS condition (p = 0.940, d = 0.02, BF10 = 0.29) when the adapter was presented outside of conscious awareness. One-sample t-tests confirmed that PSE values in the No CFS (puncorr = 0.032, d = 0.71, BF10 = 2.32, see dagger in Figure 5A) but not in the CFS (puncorr = 0.599, d = 0.16, BF10 = 0.33) conditions were significantly lower than the retinal size of the reference stimulus.

Conversely, in the large adapter present condition, participants perceived the test stimulus as smaller (demonstrating larger PSE values) compared with the adaptor absent condition in the No CFS (p = 0.041, d = 1.01, BF10 = 2.28, see asterisks in Figure 5B) but not the CFS (p = 0.937, d = 0.03, BF10 = 0.29) conditions. One-sample t-tests confirmed that PSE values in the No CFS (puncorr < 0.001, d = 1.51, BF10 = 120.56, see dagger in Figure 5B) but not CFS (puncorr = 0.116, d = 0.49, BF10 = 0.89) conditions were significantly higher than the retinal size of the reference stimulus.

Size Aftereffects Experiment: Analysis of ω Values

ANOVA demonstrated greater perceptual uncertainty in the No CFS relative to the CFS condition [F(1,22) = 19.37, p < 0.001, [image: image] = 0.47], greater perceptual uncertainty in the adapter present relative to the adapter absent condition [F(1,22) = 4.85, p = 0.038, [image: image] = 0.18], and greater perceptual uncertainty in the small relative to the large adapter condition [F(1,22) = 6.83, p = 0.016, [image: image] = 0.24] (Figure 6). ANOVA did not reveal any interaction between these factors (all p > 0.09, all [image: image] < 0.13).


[image: image]

FIGURE 6. Main effects of the different factors on perceptual certainty (ω). Our analysis demonstrated perceptual uncertainty in the No CFS relative to the CFS condition (A), greater perceptual uncertainty in the adapter present relative to the adapter absent condition (B), and greater perceptual uncertainty in the small adapter relative to the large adapter condition (C). Asterisks (∗) denote significant differences at p < 0.05.



DISCUSSION

We tested whether or not size aftereffects requires conscious awareness of the adapting stimulus. If such effects are independent of conscious awareness then we would expect to see aftereffects regardless of the visibility of the adapting stimulus. Instead, the results demonstrated that the suppression of an adapting stimulus from conscious awareness by means of CFS completely eliminated size aftereffects. That is, size aftereffects were established when participants were consciously aware of the adapter but not when they were consciously unaware of the adapter. Given that aftereffects without awareness of the adapting stimulus are generally reported for stimuli associated with early but not with later visual processing (Yang et al., 2014) – a view consistent with models suggesting that interocular suppression deepens as the signal progresses further along the visual hierarchy (Nguyen et al., 2003) – we conclude that the perceptual analysis of the size of Cornsweet stimuli may require a level of processing beyond the earlier stages of visual cortical processing.

Interpreting Perceived Size and Perceptual Certainty Results

We used the PSE dependent variable to assess the perceived size of the target stimulus. The results reveal that participants perceived the target stimulus differently only when an adapter was presented before it and when this adapter was consciously seen. When this adapter was not consciously seen as a result of CFS, it did not affect the perceived size of the target stimulus. This null finding is unlikely the result of an insufficient number of participants when one considers both the reported effects sizes, which tend not to vary in a meaningful way with the inclusion of more participants, and the Bayesian analyses carried out to compliment the more traditional null statistical hypothesis testing performed. Specifically, the presence versus absence of the adapter had negligible effect sizes in the CFS condition (d ≤ 0.04) and large effect sizes in the No CFS condition (d ≥ 0.80) while the reported Bayesian factors for the former indicated substantial support for the null hypothesis (BF10 = 0.29) (Wetzels et al., 2011). Thus, we conclude that an adapter requires conscious awareness to exert an effect on the size of a subsequent target stimulus. In other words, for size aftereffects to occur, the adapter needs to be processed within consciousness, though importantly, this conclusion only applies when conscious awareness is manipulated by interocular suppression. Further testing will be required to determine if this also holds for other methods of suppressing conscious awareness, such as backward masking for example.

In contrast, we measured the ω dependent variable to assess perceptual certainty. This measurement increases as a function of cognitive demands and neural activation related to the processing of information (Wood et al., 2016). In this study, we demonstrate higher ω values in the adapter present relative to the adapter absent condition, which most likely reflects additional processing related to a second stimulus in the former condition as opposed to only one stimulus in the latter condition. This same explanation may also help clarify why we demonstrated higher ω values in the CFS compared to the No CFS condition. Namely, during CFS, participants were not consciously aware of an adaptor stimulus and thus only consciously saw the target stimulus prior to the reference. On the other hand, without CFS, participants viewed the adaptor followed by the test and finally the reference which may have required additional cognitive processes and resulted in more perceptual uncertainty. Last, we demonstrate higher ω values in the small versus large adapter condition. We suggest that this could relate to a more thorough perceptual analysis of the small adapter as a result of it being confined to the fovea. The edges of the large adapter, in contrast, were located outside of central vision. fMRI studies reveal that more neural resources are devoted to processing the edges of smaller than larger rings due to cortical magnification (e.g., Fang et al., 2008).

Could a Model Involving Only V1 Mechanisms Explain Size Aftereffects?

Pooresmaeili et al. (2013) tested several models to account for their fMRI data and proposed that a bottom-up explanation best explained the variability mediating their observed size aftereffects. However, they did not consider that fMRI has a number of limitations that make distinctions between bottom-up versus top–down mechanisms difficult to establish with certainty. First, fMRI lacks the temporal resolution (∼4-6 s) to rule out the possibility that higher-order visual areas may still have modulated the observed activity within V1 via feedback mechanisms, even when the fMRI data is entered into various models that try to dissociate between bottom-up versus top–down modulation. Alternative brain imaging techniques with superior temporal resolution are ultimately required to confirm this distinction in processing. Second, while V1 is necessary for conscious sight (e.g., Leopold, 2012), this does not imply that V1 is sufficient for perception. Brain stimulation studies that are able to make more causal statements have determined that disruption of occipito-temporal cortex can reduce the Müller-Lyer illusion (Mancini et al., 2011) and that feedback projections from higher-order visual regions into V1 are required for conscious perception (Pascual-Leone and Walsh, 2001). Of direct relevance to the current results, transcranial direct current stimulation of the early visual cortex disrupted size judgment perception due to an interference of top-down modulation from higher-order areas (Costa et al., 2015).

Early Visual Areas Still Process Retinal Information Outside of Conscious Awareness

One should consider to what extent the adapting stimulus was processed by the brain during CFS. Our experimental paradigm allowed for plenty of opportunity for early visual pathways to process the adapter and consequently influence the perceived size of the test stimulus prior to entry into the cortex. This is because both the adapter and test stimuli were presented to the same eye. The seminal work of Hubel and Wiesel (1962) demonstrates that information from each eye remains fully segregated in the early visual pathways before entering V1, with neurons in the lateral geniculate nucleus having monocular responses. While convergence from both eyes begin in V1, some monocular selective responses are still observed in this region (Tootell et al., 1988). Thus, considering this anatomical organization of the early visual pathways, there is little reason to believe that retinal information from the suppressed eye would not reach V1 unless feedback mechanisms were at play to gate information from the suppressed eye from reaching the cortex. However, this seems unlikely. A number of fMRI studies have revealed that retinal information suppressed from conscious awareness is still processed by V1 under conditions of CFS while the processing of this same information is absent in other higher-order visual regions (Hesselmann and Malach, 2011; Troiani and Schultz, 2013; Yuval-Greenberg and Heeger, 2013; Fogelson et al., 2014).

For example, as mentioned earlier in the Introduction, MVPA of fMRI signals has demonstrated how retinal information from the suppressed eye is processed by early but not late visual cortical areas (Fogelson et al., 2014). In this study, the authors presented faces and tools under CFS and no CFS conditions. MVPA was used to decode the fMRI signal to determine the category of the stimuli presented to the participants, namely a face or a tool. Without CFS, MVPA could successfully decode the signal in a network of areas from occipital, temporal, parietal and frontal cortices. However, only the early visual areas in the occipital cortex could reliably classify the stimuli under CFS conditions. Given that the higher order areas, such as medial occipital, lateral temporal, and lateral frontal cortex, were unable to decode the invisible stimuli, the results suggested an association between awareness and neural processing in the ventral temporal cortex and other areas in the brain. Although some other studies have demonstrated higher-order ventral stream activation for invisible stimuli during CFS (e.g., Sterzer et al., 2009), Noguchi et al. (2012) showed that activation in more ventral visual areas was only evident within the first 200 ms, perhaps suggesting that sustained processing within the ventral stream is required for conscious awareness.

In addition, single-cell electrophysiology studies in the monkey have shown that almost all monocular cells, and the vast majority of V1 cells tested, were not affected by suppression from awareness (Leopold and Logothetis, 1996). For example, it has been shown that CFS does not alter spiking activity in V1 to adapter or prime stimuli (Wilke et al., 2006) but it does alter spiking activity in higher-level visual areas in the ventral stream (Sweeny et al., 2011). Interestingly, studies on binocular rivalry yield opposing findings depending on the brain imaging technique used. For example, electrophysiological measurements of spiking high frequency local field potentials were unaffected by suppression from awareness while BOLD activation in V1 was reduced in the same monkey participants (Maier et al., 2008). The authors of this study suggested that this could reflect recurrent processing from higher-order visual regions into V1 driven by attentional modulation and awareness (Maier et al., 2008). This view of the importance of feedback signals to V1 for conscious awareness has also been argued elsewhere (Tong, 2003) and may explain why some fMRI studies show reduced V1 activation under CFS conditions (e.g., Troiani and Schultz, 2013; Yuval-Greenberg and Heeger, 2013). Reduced V1 responses may not indicate the absence of processing of retinal information but may rather reflect the absence of signal amplification from recurrent processing to the same degree as would be expected if processed within conscious awareness.

Does the Cornsweet Illusion Require Conscious Processing?

One should also consider whether or not a complex analysis required to perceive the Cornsweet stimuli is achievable under conditions of CFS. The illusion of luminance contrast created by these stimuli is typically regarded as being mediated by early visual processes occurring at the level of V1 or even LGN (Anderson et al., 2009). It is possible that although retinal inputs from the suppressed eye reached at least as far as V1, the current results may reflect the inability of the Cornsweet illusion to be detected without awareness rather than an absence of size aftereffects per se. Indeed, Masuda et al. (2011) presented the edge of a Cornsweet illusion to participants under backward masking and CFS conditions and revealed that one must have a conscious awareness of the edge to experience a real-time illusion of differing luminance either side of the edge. More critically, in a separate adaptation experiment, the authors briefly applied CFS to the edge of the illusion and then had participants view a gray background. In this condition, the participants saw the illusion proceeding the edge presented under CFS. Thus, although the participants were not consciously aware of the Cornsweet stimulus, the fact that the illusion occurred after CFS without the awareness of the Cornsweet edge indicates that the local gain mechanism in V1 did process the border. These results indicate that although the perception of the Cornsweet illusion disappears without awareness of the edge, suggesting the necessity of higher-order processing, the edge is nonetheless still processed at monocular stages of processing. Masuda et al. (2011) proposed two mechanisms to be involved in the Cornsweet illusion: a feedback mechanism associated with the subjective awareness of the edge followed by a mechanism for surface lightness, which may rely on lateral connectivity being activated by the feedback signal. For the current purposes, the results from Masuda et al. (2011) indicate that on the one hand early visual regions can process Cornsweet circles even when suppressed from awareness. On the other hand, the experiments reported by Masuda et al. (2011) reinforce the suggestion that top–down signals associated with conscious awareness appear to be necessary for higher-order processing of Cornsweet circles as required for aftereffects.

To process and adapt to the size of Cornsweet stimuli, it is conceivable that the entire form must be processed as a Gestalt, and thus we consider the contribution of global processing to the current results. It may be that CFS prevented such global perceptual processing to occur. Global, as against more detailed or local processing, is a function of higher-order visual areas with larger receptive fields than in V1 (Van Essen and Gallant, 1994; Badcock and Clifford, 2004). However, the CFS literature on global visual processing has often highlighted the presence of global processing when awareness is suppressed. For example, in a CFS study, global motion and form coherence patterns broke suppression faster with higher coherence, which may indicate processing of global information without awareness (Chung and Khuu, 2014). Although perceiving the direction of illusory triangles (i.e., Kanizsa stimuli formed by Pacmen-like inducers) has been shown to be at chance levels when the inducing stimuli are rendered invisible by CFS (Harris et al., 2011), the time for the Kanizsa triangles to break suppression and reach conscious awareness was faster than when the inducer stimuli were rotated randomly (Wang et al., 2012). It is important to note that the extent to which breaking CFS studies shed light on non-conscious processes has been challenged (Stein and Sterzer, 2014) – though the findings from Wang et al. (2012) appear to accord with recommendations made by Gayet et al. (2014) for the sound design of breaking CFS experiments. The findings of Wang et al. (2012) may suggest that some forms of perceptual grouping occur without conscious awareness. However, conflicting results of the ability to process facial expression without awareness has been reported. While Faivre et al. (2012) demonstrated that emotional faces suppressed by CFS were unable to bias preference judgments of unfamiliar Chinese character (i.e., pleasant, unpleasant judgments), Almeida et al. (2013) were able to demonstrate that angry faces suppressed by CFS made similar ratings less favorable.

Thus, although there is some mixed evidence, it appears that a wide array of global or Gestalt processing can be achieved without conscious awareness. One potential explanation for the apparent lack of global processing in the current study may be the type of stimulus used. Perhaps the Cornsweet illusion comprises a more basic stimulus that does not require the same type of integration of local features as would be required for motion and form coherence, faces, and illusory shape perception.

The Importance of the Ventral Stream for Conscious Sight

There are multiple lines of evidence that the ventral stream is important for conscious sight. For example, Jiang and He (2006) have shown how faces under CFS conditions were no longer processed in the fusiform face area (FFA) despite these images still being processed in the subconscious as evidenced by significant activations in both amygdala and the superior temporal sulcus area (STS). In a different fMRI study, Cohen et al. (2015) examined how activation in different regions of interest correlated with the breaking of suppression of different categories of objects. They found a tighter coupling between activation and abilities in seeing categories of objects breaking suppression in ventral stream areas, in particular the lateral and ventral occipital-temporal areas, than they did in the early visual cortex.

Thus, the emerging view from studies of conscious and subconscious processing, including those utilizing CFS to suppress visual awareness, is one that highlights an important role of sustained ventral stream processing, and activation throughout the entire brain in conscious awareness as opposed to the idea that certain percepts, such as size (Pooresmaeili et al., 2013), are largely mediated by local mechanisms confined to V1. The importance of multiple brain areas in mediating perception is in agreement with multiple theories of visual consciousness. For example, Lamme’s theory stipulates that visual mechanisms work to process information in a reverberating manner to assign meaning to the representation (Lamme and Roelfsema, 2000; Lamme, 2006). This information needs to be integrated across multiple areas, and specialized regions are tasked to assign a particular meaning for a more complex analysis. A different theory, global work space theory, proposes that the conscious awareness of an object corresponds to the long range broad casting of information across the brain with preconscious visual information able to enter this workspace (Dehaene et al., 2003).

Manipulating Conscious Awareness of Adapting Stimuli in Other Aftereffect Paradigms

Psychophysics paradigms have explored over a number of decades the contribution of conscious awareness to other types of visual aftereffects, utilizing interocular techniques such as CFS and binocular rivalry. Many studies have demonstrated that early visual mechanisms are amenable to adaptation aftereffect even without perceptual awareness. For example, the magnitude of the tilt (Wade and Wenderoth, 1978) and motion aftereffects (Lehmkuhle and Fox, 1975; O’Shea and Crassini, 1981) are unaffected by the duration of suppression of the adapting stimulus, using binocular rivalry. These studies argued that the site of suppression must be after the site of the aftereffect.

Maruya et al. (2008) used static and dynamic test stimuli under CFS to suppress motion adaptors allowing exploration of motion aftereffects presumed to reflect, respectively, low-level and high-level cortical visual processes. With adaptor and test stimuli presented to the same eye, both static and dynamic motion aftereffects were found, although attenuated. With adapter and test presented to opposite eyes, there were no static motion aftereffects for visible or invisible conditions, suggesting that interocular transfer requires higher-level processing. The dynamic motion aftereffect was completely reduced in the invisible compared to the visible condition, with the authors concluding there is no adaptation of higher-level systems without conscious awareness of the motion adaptor.

Similarly, face processing, including face identity (Moradi et al., 2005, using binocular rivalry) and subordinate information about a face, such as gender or race (Amihai et al., 2011, using CFS), require higher order visual processing and only show aftereffects with conscious awareness of the adapting stimulus. In other words, it may be that aftereffects without conscious awareness of adapting stimuli are only possible with low-level visual processes, as suggested by the evidence for face shape aftereffects surviving interocular suppression (Stein and Sterzer, 2011). Hence, in the context of the size aftereffects measured in the current study, it appears that higher-order ventral stream adaptation to Cornsweet illusion size information (Grill-Spector et al., 1999; Eger et al., 2008) could not take place once conscious awareness was suppressed by CFS.

In contrast, a consistent correspondence between higher- and lower-level visual processing and the existence of aftereffects without conscious awareness are not apparent. For example, both linear and spiral motion aftereffects have been demonstrated when adapters were suppressed from awareness by CFS (Kaunitz et al., 2011), with only spiral motion assumed to require higher-level dorsal stream (MT/MST) visual processing. Intriguingly, Adams et al. (2010) have used CFS to demonstrate the presence of face emotion aftereffects. This example of a higher-level visual processing aftereffect without awareness may be attributed to the role of amygdala in non-conscious emotion processing. For example, Jiang and He (2006) demonstrated that fMRI BOLD amygdala responses to fearful faces were strong for both visible and invisible conditions using CFS, and reduced, though still evident, for neutral faces when awareness was suppressed. Fusiform face area was reduced, though still significant, for both face emotions when awareness was removed. Conversely, superior temporal sulcus responded only to fearful faces when awareness was suppressed. As such, the prominent view of aftereffects in interocular suppression studies appears to hold to the view that low-level visual attributes can escape suppression while higher-level visual stimuli that rely on processing further along the visual hierarchy have a stronger suppression effect (Nguyen et al., 2003; Yang et al., 2014).

Conclusion

Understanding the underlying mechanism of aftereffects remains an elusive endeavor; one made more difficult by the likely different combination of higher- and lower-level cortical and subcortical processes involved depending on the complexity of the adapting stimulus (Webster, 2011). Nevertheless, the current study has shown that size aftereffects are not demonstrated once awareness has been suppressed by CFS. Based on our results, and other lines of evidence presented elsewhere, we argue that the gain mechanisms in V1 described by Pooresmaeili et al. (2013) are insufficient for driving size aftereffects and that they may also require reentrant or top–down influence from higher order visual cortical processing.
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